Self- and tracer diffusion in some polar liquids under pressure by Hurle, Robert Laurence
SELF-  AND TRACER DIFFUSION IN SOME
POLAR LIQUIDS UNDER PRESSURE
by
ROBERT LAURENCE HURLE
A thesis submitted for the degree of 
Doctor of Philosophy 
of the
Australian National University
February, 1981
To Dorothy,
for her continued encouragement
and support.
D E C L A R A T I O N
The work presented in this thesis was carried out 
in the Diffusion Research Unit, Australian National 
University, Canberra between March 1976 and July 1979, 
and represents part of an ongoing program of high-pressure 
research on dense fluids. Throughout this report where I 
have consciously used or built upon the results of other 
workers, the appropriate references have been included 
into the text. However, very little research is done 
entirely in isolation, and I have asked for, and received, 
advice and guidance on a number of occasions. Nevertheless 
none of the work has been of a collaborative nature and, 
with the above qualifications, this thesis represents the 
product of my own research.
R L HURLE
(February 1981)
ACKNOWLEDGEMENTS
First and foremost I wish to acknowledge a special debt 
of gratitude to my parents, both of whom contributed to, and 
worked hard for, my education over many years. Also, I 
would like to thank both the Australian Government for the 
provision of a Postgraduate Research Award, and the 
Australian National University for their financial support.
Secondly, my sincere appreciation is extended to 
the members of the Research School of Physical Sciences, 
Institute of Advanced Studies at the A.N.U. who have 
contributed in many and varied ways to the undertaking of 
this work. In particular, I am indebted to the staff of the 
Diffusion Rese-arch Unit, without whose skills and patience 
much of this thesis would not have been possible. Notably, 
my special thanks are given to Mr Z.J. Derlacki, Mr P.J. Back, 
Mr F.L. Wilson, and Mr P.C. Scott, all of whom tolerated an 
'apprentice academic' with good cheer.
During the writing of this report I have been fortunate 
to have had the company of Dr M.B. Ewing and Mr L.S. Toczylkin 
who offered their advice (particularly regarding the correct 
use of notation) and their consideration during the final 
preparation of the text. It is also a pleasure to thank 
Mrs V.Jackson of the Department of Chemistry, University 
College London for her careful preparation of the typescript.
Finally, I wish to thank my supervisors, Dr R. Mills,
Dr L.A. Woolf, and Dr K.R. Harris for all their advice and, of 
course, their considerable patience.
ABSTRACT
The self-diffusion coefficients of acetonitrile 
(CHgCN) and deuteromethanol (CHgOD) have been determined from 
temperatures near their normal melting-points, up to 343 K, and to 
pressures in the region of 300 MPa. In addition the self­
diffusion of normal methanol (CH^OH), along with the 
tracer diffusion of methanol in acetonitrile and 
acetonitrile in methanol, have been measured at three 
temperatures (283.2 K, 298.2 K and 313.2 K) by employing 
high-pressure diaphragm cells over a similar pressure 
range. For self-diffusion in acetonitrile several points 
were also determined with the pressure cells in order to 
confirm the reliability of the high-pressure NMR 
measurements. In each case the results have been 
interpreted using several approaches including activation 
analysis, rough hard-sphere theory and a correlation 
method for reduced diffusion coefficients. It was found 
that the activation analysis approach appears to be 
inappropriate for describing diffusion in these systems, 
whereas the rough hard-sphere theory yields reasonable 
hard-sphere diameters, but requires a temperature-dependent 
coupling parameter to accommodate all the results within 
experimental accuracy. Of the three methods, the correlation 
technique due to Dymond appears the most suitable for 
prediction of diffusive behaviour beyond the experimental 
range. Finally, in the last chapter of this work, the 
design and development of a high-pressure dilatometer is 
described and preliminary compression measurements are 
compared with literature data.
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1CHAPTER ONE 
INTRODUCTION
In recent years there has been a considerable increase 
in the number of measurements reported for transport 
properties in dense fluids; and, in particular, for the 
self-diffusion coefficients and viscosities of compressed 
liquids under high pressures. This renewed interest in the 
behaviour of such dense systems has stemmed to some extent 
from the results of the computer simulations of hard-sphere 
fluids carried out in the late sixties by Alder and 
co-workers.^ Among their findings these authors established 
that there was a significant enhancement of the self­
diffusion coefficient of fluids at high number densities 
(relative to the equivalent Enskog coefficient) which 
appeared to be due to the persistence of a microscopic 
vortex flow pattern around the fluid particles. However, at 
the time these computations became available, very little
experimental self-diffusion data existed at the densities of
2interest. Barton and Speedy in fact reviewed all the high- 
pressure diffusion results available up to 1970 for 
compressed liquids and remarked that since the original work
3of Koeller and Drickhamer in 1953, only an average of one
paper per annum had appeared in the literature. In 1972
McCool, Collings and Woolf reported the first accurate
(±2% to ±3%) self-diffusion measurements in compressed
4 5liquids - namely: benzene, cyclohexane and carbon 
0
tetrachloride0 - which were determined using high-pressure
2diaphragm cells. Since that time a considerable number of 
other liquids have been studied to high pressures, mainly 
using the NMR technique, and in many cases measured either 
by Jonas and co-workers at the University of Illinois, or 
in these laboratories. Briefly, the list of substances 
for which self-diffusion coefficients have been obtained
+ 7under high pressure since 1970 now includes: ethylene,
8 8tetramethylsilane, perdeuterobenzene, sulphur 
9 10hexafluoride, fluorotrichloromethane, chlorotrifluoro-
11 12 13methane, tetrafluoromethane, perfluorocyclobutane,
14 15 16deuteromethanol, pyridine, and methylcyclohexane.
In addition, Jonas, Hasha and Huang have recently
17re-measured and extended the results for cyclohexane.
The self-diffusion of methane in the dense gas and liquid
18 —  21region has also been extensively studied, as has the
self- and tracer diffusion of various isotopic forms of 
water.22 28 Nevertheless consideration of the above 
list shows that no simple, yet highly-polar 
substance has been investigated to date. A knowledge of 
the behaviour of such a liquid would appear, therefore, to 
be a useful addition to the literature. In this work the
self-diffusion coefficient of acetonitrile (dipole moment
-30 -30= 11.7 x 10 Cm; of: methanol (5.5 x 10 Cm) and
-30pyridine (7.7 x 10 Cm)) has been measured to pressures 
approaching 300 MPa on some isotherms and over a temperature 
range of 328 K to 343 K. Also, the self-diffusion 
coefficients of methanol and deuteromethanol have been
tFor liquids studied under high-pressure before 1970, see
2the review of Barton and Speedy.
3determined to similar pressures. Early in this study a
marked difference was observed between the results of the
high-pressure diaphragm cell measurements on CH^OH and the
14measurements of Jonas and Akai for CH^OD. Consequently, 
a re-determination of the diffusion coefficients appeared 
worthwhile and, ultimately, the discrepancy was traced to 
an isotope effect between these two liquids. (See section 
5.2.) In addition to these self-diffusion measurements, 
the tracer diffusion coefficients of methanol in 
acetonitrile and acetonitrile in methanol have been 
determined at three temperatures (283 K, 298 K, and 313 K), 
up to pressures in the region of 250 MPa to 300 MPa.
While the NMR technique for diffusion measurements 
offers several advantages in terms of speed and convenience 
in comparison to the diaphragm cell method, it has not 
enjoyed a good reputation for accuracy either at high- 
pressures, or even at atmospheric pressure. Much of this 
past uncertainty has arisen, however, through difficulties 
in determining the field gradient applied to the sample. 
Harris and co-workers have overcome many of the problems 
inherent in this procedure (see section 3.4) so that the 
present apparatus has achieved an accuracy and 
reproducibility of around ±2%. This reliability has been 
confirmed in the present work by comparison of the results 
obtained for acetonitrile from the NMR technique with values 
determined from the high-pressure diaphragm cells. 
Consequently, for many systems the NMR technique now 
represents the most convenient method for the determination
4of self-diffusion coefficients. Even so, the high-pressure
diaphragm cells still remain the only practical method for
the measurement of tracer diffusion, since low concentrations
+are inaccessible with the NMR instrument.
In general, the theoretical interpretation of transport 
behaviour in dense fluid systems is still some distance 
behind the best accuracy of present experimental methods. 
Computer simulation has been successful for some monatomic 
fluids, but the corrected Enskog theory for hard-sphere 
systems remains one of the more practical approaches for 
polyatomic liquids. Even in this type of model though, 
translational-rotational coupling is not treated rigorously. 
Activation analysis (section 5.3) does not seem appropriate 
for the type of systems considered in this work, although a 
correlation approach suggested by Dymond (section 5.6) 
appears useful for prediction purposes. Unfortunately, 
there are few high-pressure viscosities available for the 
liquids studied in this work, so that no consideration of 
hydrodynamic models has been undertaken in the present 
interpretation of the results.
Nevertheless whichever model is proposed for the 
representation of dense fluid properties, a knowledge of 
the molar volume is generally an important prerequisite.
There is a similar requirement for the correct operation
•j*A fast and promising method for high-pressure tracer
measurements is the peak dispersion method which has been
adapted for high-pressure gases by Balenovic, Myers and 
29Giddings . So far no high-pressure results appear to have 
been measured for liquids by this method.
5of the pressure cells but, all too often, the pVT behaviour 
of many of the liquids of interest is not known well enough, 
if at all. Consequently, a high-pressure dilatometer has 
been constructed in these laboratories for the determination 
of liquid compression data and the author was involved in 
its development during the course of this work. A 
description of the apparatus along with an outline of its 
operation and performance is given in Chapter Six.
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8CHAPTER TWO
DIFFUSION MEASUREMENT: THE HIGH-PRESSURE DIAPHRAGM CELL
2.1 Principles of the diaphragm cell technique
Since the pioneering work of Northrop and Anson^ in
1928, the use of the diaphragm cell for the measurement of
diffusion coefficients in liquid systems has developed into
a classical technique,which, when used correctly, is
capable of high accuracy and precision. The difficulties
associated with the method have been discussed extensively
2 3 4in the literature ’ ’ and, therefore, it is not proposed
to enter into a detailed description of the technique here.
Nevertheless it would be useful at this stage to outline
the principles of the method, since the theory of the high-
pressure diaphragm cell, discussed in section 2.4, is based
directly on the classical treatment of atmospheric pressure
experiments. However, the interested reader is also referred
2 3to the work of Gordon, Stokes and more recently, Mills
5and Woolf for a thorough analysis of conventional diaphragm 
cell behaviour.
A schematic representation of a diaphragm cell is given 
in figure 2.1. In its simplest configuration the cell is 
comprised of two compartments which are separated from one 
another by a porous membrane, or sinter (diaphragm). For 
diffusion measurements a difference in concentration is 
established between the two compartments and it is the rate- 
of-decrease in this difference - by mass transport through 
the porous diaphragm - which is observed as a measure of the
compartment 
plug----- _
cell body,
diaphragm
x
V
Figure 2.1 Schematic representation of a Stokes-type 
diaphragm cell. The direction of the flux 
is shown for (Vi>
diffusion process. Thus, the main function of the diaphragm 
is to confine the effective molecular transport to essentially 
one direction and to minimize any other flows arising through 
mechanical vibration, etc.
It is clear from the preceding paragraph that a 
diaphragm cell experiment must be carried out under stable, 
isothermal conditions so as to avoid any bulk flow 
contribution due to expansion and contraction of the cell 
contents. Also, it is standard experimental practice to 
ensure that both compartments are gently stirred. Stirring 
maintains the contents of each compartment at a uniform 
concentration and prevents the build-up of any secondary 
gradients in the vicinity of the diaphragm. Hence, during
10
an experiment, the only concentration gradient in the cell 
is contained within the diaphragm, rising between the lower 
concentration of one compartment, to the higher concentration 
in the other. In an elementary analysis, this gradient is 
assumed to be linear. However, as diffusion coefficients 
are normally concentration dependent, the assumption of a 
linear gradient is not usually an entirely valid one. 
Furthermore, because the volumes of the cell compartments 
are not infinite, the concentrations are slowly changing, 
thereby requiring the gradient to become time dependent.
Even so, it remains mathematically convenient to retain the 
notion of a linear gradient in the diaphragm and it is 
possible, by consideration of the time scale involved in the 
diffusion process, to regard the flux of material through 
the diaphragm as being constant for a short period of time. 
During this time interval, additional approximations can be 
made with regard to the diffusion coefficient to account for 
its concentration dependence; although, it is then necessary to 
conduct a series of experiments in order to extract the 
concentration dependence of the diffusion coefficient 
explicitly. ^ ^
For the study of self- and tracer diffusion, however, 
the diffusion coefficient is measured by the introduction 
of a small quantity of radioactively-labelled tracer, 
which, in most other respects, is chemically identical 
with the species whose diffusion it is intended to 
observe. The concentration of the introduced species 
is usually quite negligible and, therefore, may be regarded
11
as leaving the bulk properties of the system unaffected.. 
The flux of material J^(t), passing through the diaphragm 
at time t, may then be described in terms of Fick’s first 
l a w :
J±(t)
T,p,t
( 2 . 1 )
where D. is the diffusion coefficient of species i at
dC.
concentration C. and (— 1) is the concentration gradient
T,p,t
in the direction of transport. For a short time interval 
the compartment concentrations on either side of the 
diaphragm will not change significantly and the gradient may 
be considered to remain constant. This assumption, involving 
the boundary conditions of the diaphragm, is often termed the 
'steady-state approximation'. By using this approximation, 
it follows that the flux of material through the diaphragm 
can be considered to be uniform. Consequently, the rate of 
change for the concentration of species i in the top and 
bottom compartments ( (C,p)^ and (Cg)p  ^ will be described by 
the relations:
<^1 ( C*t ) i A
— —  = » (2.2a)
and
d(CB )i = J_ , (2.2b)
di
O
where A is the effective cross-sectional area of the diaphragm 
and 7rp and are the volumes of the top and bottom 
compartments respectively. Combining these equations then yields: ~
12
d[(CT ). - (CB)±1
dt ~J^ A + - (2.3)
where, for convenience, it is assumed that (Cm). > (C )T l v B 1.
Finally, providing there is no bulk flow within the cell 
(due to volume changes on mixing, etc.) and that the diffusion 
coefficient remains independent of concentration, equation 
(2.1) can be written as:
J±(t)
[(C'T )i - (Vi 3
°i- (2.4)
where Z is the effective length of the diaphragm. Radiometric 
tracer experiments fulfil both these conditions and equation 
(2.4) can be substituted into equation (2.3) to give:
d[(CT )i " ( ^ i 3
^i[(C'T)i (^B^i3 £ + y 3 • (2.5)T B
Integration of this equation over the time of the experiment 
then leads to the cell equation. Omitting the subscript i for 
clarity, we obtain:
c° — c^ 
ln [^ -  cB 3t CB Dt$ (2.6a)
where:
3 ' = (2.6b)
Here the concentrations c^ , represent the top and bottom
compartment concentrations at the beginning of the experiment,
while Crjy, C-q represent the equivalent values at time t. Also, 
in conventional diaphragm cells, the parameters on the right- 
hand side of equation (2.6b) are fixed, so that 3' is usually 
termed the cell constant and is determined by direct calibration.
During a tracer measurement of diffusion, the radioactive
13
material is normally introduced only into the top compartment
of the cell, leaving both the bottom compartment and
diaphragm still containing pure solvent. The term in
equation (2.6a) is, therefore, usually zero and no gradient
is present in the diaphragm initially. However, the
preceding discussion assumes explicitly that a linear
gradient exists between the cell compartments throughout the
experiment and, consequently, is somewhat idealized in its
approach. Barnes0 has pointed out that a diaphragm cell can
never achieve a truly steady-state condition and that any
rigorous solution to the equations should not contain the
assumption that a linear gradient is continuously present.
He then proceeded to derive an exact mathematical treatment
of the diaphragm cell for two sets of initial conditions,
either of which could exist at the beginning of an
experiment. These cases were (1): the diaphragm filled
completely with solvent (solvent-filled case) and (2): the
diaphragm containing a linear concentration gradient of the
7diffusing species (gradient-filled case). Mills et al.
extended Barnes’ treatment to a third possible condition,
namely (3): the diaphragm filled completely with a solution
of the diffusing species in the primary solvent (solution-
filled case). The derivation of the cell equation for
these three situations is somewhat more involved than the
tapproach given above and will not be repeated here.
^The necessary details for the derivation of these equations
under the imposed boundary conditions are available in Barnes'
6 5 7paper, or in the more recent work of Mills and Woolf. ’
14
Nevertheless even with the more rigorous derivation, Barnes'
final equation for the gradient-filled diaphragm (case (2))
+differed only slightly from equations (2.6). For the 
solvent-filled and solution-filled diaphragms (cases (1) and 
(3)) the final equations were identical to one another, but 
differed from equations (2.6) in that an additional factor 
was introduced into the logarithmic term. In these cases 
the cell equation is given by:
„o
lnCS ^  (1 " s )] = iDT • (2.7a)
where
—  (—  +  — ) ( 1  -  — )I kVT V U  ’ (2.7b)
and
V + V 
t
(2.7c)
and VD is the volume of the diaphragm. Here equation (2.7a) 
has been written with = 0, which is consistent with the 
method used for tracer experiments described above. Clearly, 
these tracer measurements are examples of the solvent-filled 
diaphragm technique (case (3)) and equations (2.7) are the
+In fact the distinction between the solutions is purely formal, 
since the additional term introduced by Barnes' approach 
would be accommodated in any calibration of the cell. For 
completeness, however, Barnes' equations in this case only 
require equations (2.7b) and (2.7c) to be substituted for 
equation (2.6b). Equation (2.6a) remains unchanged.
Standard equations used in these laboratories for this 
type of work.
One final point which arose out of Barnesftreatment was 
the relationships between the cell volumes 7,p, 7ß and 7^ .
In order that the equations reduce to the simple solutions 
given by equations (2.6) and (2.7), it is necessary that 
the values of 7,p and 7ß be closely matched. Furthermore, 
the value of A in equation (2.7c) needs to be of the order of 
0.02 so that V , the volume of the diaphragm, should only 
represent about 1% of the total cell volume. Both these 
requirements are of particular importance to the high-pressure 
cell design described in the following section.
2.2 Description of the high-pressure diaphragm cell
One of the primary advantages of the diaphragm cell for 
the measurement of diffusion lies in the simplicity of its 
design and operating principles. In practice, the design is 
sufficiently adaptable to enable its satisfactory use at 
extremes of temperature and pressure, and, in recent years, 
a cell has been developed in these laboratories which 
enables liquids to be compressed to several thousand times 
atmospheric pressure. Providing accurate p V T data are
available for the liquid, it will yield diffusion coefficients 
which are reliable to within one or two per cent. The cells 
described below are the result of a natural development from
the original cell designs reported by Collings, Woolf 
8->-l 1and co-workers. These original cells were used with
relatively compressible organic liquids up to pressures 
slightly in excess of 150 MPa. Since that time Woolf, using 
a much improved cell design, was able to measure the diffusion
16
12coefficients of tritiated water tracers in pure water,
13and in heavy water, to pressures approaching 240 MPa. •
The work reported here shows that the operating region of 
these cells can be successfully extended to pressures in 
the vicinity of 300 MPa, with liquids of quite high 
compressibility.
The essential design features of the high-pressure 
cell are shown in figure 2.2. Referring to the diagram, 
all the major components of the cell- with the exception 
of the diaphragm support ring (7)-are fabricated from 
stainless steel. The support rings for the diaphragm 
section were made from either beryllium/copper or, in one 
case,monel alloy. The diaphragms themselves were cut from 
sintered-stainless-steel sheet and each diaphragm support 
ring was made individually to accommodate small changes 
in the diaphragm thickness. This precaution ensured that 
the various diaphragm assemblies could be used interchangeably 
without varying the compartment volumes. During operation 
the cell is contained within a pressure vessel and the 
pressure is applied to the contents via the flexible metal
4-
bellows section of the bottom compartment. The contents of 
the top compartment are then compressed by displacement of liquid 
through the diaphragm from the bottom bellows section (see 
section 2.5). To assemble the cell, the main external 
components are screw-threaded together. The bodies of the 
top and bottom compartments screw directly into the diaphragm
tMovement of the bellows is longitudinal along the main axis 
of the cell. When the retaining screws are removed, the 
bellows end-piece (11) is free to move up and down in the 
bellows guide (9). The spring constant for the bellows is 
sufficiently small so as not to introduce any significant pressure differential.
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Figure 2.2a The h ig h -p r e s s u r e  diaphragm c e l l .
1. Top compartment plug
2. Top compartment end-p iece
3. Volume adjustment r ing
4. Top compartment body
5. S t i r r e r  (magnetic s t a i n l e s s  s t e e l )
6. Diaphragm ( s i n t e r e d  s t a i n l e s s  s t e e l )
7. Diaphragm support  r i n g
8. Bellows connecting  s e c t i o n
9. Bellows guide
10. F l e x ib l e  metal  bellows
11. Bellows end-piece
12. Bottom compartment plug
The main components o f  th e  c e l l  body a re  screw-threaded  t o g e t h e r  and 
s ea le d  us ing  s q u a r e - s e c t i o n  r i n g s  machined from ’Rulon’^ g l a s s - f i l l e d ,  
f luorocarbon  polymer.
t Regd. trademark ICI Ltd. (U.K.).
sealing rings
Figure 2.2 ( b & c ) Expanded views of pressure cell components. 
Legend as in figure 2.2a.
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Support ring (7) and,in doing so, serve to hold the stirrer 
assemblies (5) in place. In the diagram the stirrer support 
frames can be seen to rest on a small ridge so that the 
stirrer blade passes slightly above the sinter surface. This feature 
eliminates the wear of the sinter normally associated with 
stirrers in glass diaphragm cells. A further difference in 
these stirrers from their glass-cell counterparts, is the 
presence of the small blade towards the middle of compartment. 
These blades provide more adequate mixing of the compartment 
contents and are particularly useful in the bottom, fluted-
4.bellows section.
Because the volume of the bottom compartment is variable, 
it is necessary to be able to adjust the volume of the top 
compartment accordingly, in order that the compartment volumes 
remain as closely matched as possible. This requirement, 
which was mentioned at the end of the preceding section, is 
met by the use of a set of interchangeable spacer rings 
designed to be fitted as part of the top compartment assembly.
It can be seen in figure 2.2a that the top compartment end- 
piece (2) screws into the top body-section of the cell and 
presses against the volume-adjustment or spacer ring (3).
Prior to an experiment, the volume of the liquid in the cell 
is calculated at the intended operating pressure and a spacer 
ring with an appropriate volume is then selected for assembly 
into the cell. The set of spacer rings have been machined to
The stirrers are still rotated by magnetic coupling to 
external magnets, as is done in conventional diaphragm cells. 
To penetrate the pressure vessel and cell body, however, 
somewhat larger external magnets need to be used.
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cover the normal operating range of the cell in small volume 
increments, so that the top and bottom compartment volumes 
can usually be closely matched in any particular experiment.
The equation necessary for this calculation is given in 
section 2.4.
When the cell is assembled, a square-section, circular 
sealing-ring is placed in each external joint. The purpose 
of these rings is to prevent access of the hydraulic fluid 
to the cell and to inhibit leakage of the cell contents.
This is particularly important during a compression or 
decompression cycle when the cell is under some load. Small 
grooves are milled into the appropriate faces of the cell 
components, which then position, and capture the sealing-rings. 
The rings are made from a rigid, glass-filled fluorocarbon 
polymer^ and when the screw-thread is tensioned, they are 
compressed to form a tight seal. Tightening of all the cell 
joints is done with the aid of a torque wrench. This not 
only ensures uniformity in the seals, but prevents over­
stressing of the threads on the cell components. Spanner 
flats, shown as indentations in figure 2.2a, are machined on 
the body of the cell for this purpose. (The top compartment 
end-piece requires a special tool to tighten it in position.
This tool has four projecting pins and is designed to fit the 
cavities shown on either side of the top plug (1) in the 
figure. The remaining two cavities are on an axis perpendicular 
to the two shown.) The compartment end-plugs are also sealed 
in position using similar, square-section rings, which prevent
+Usually Rulon (ICI Ltd., UK).
Torques: Cell body threads to 34 N m; cell plugs to 7 N m.
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any hydraulic fluid penetrating the threads. The internal 
faces of both these plugs have been machined so that, when 
they are tightened into position, they present a smooth, 
matching surface with the inside of the cell compartment.
Finally, in figure 2.2 it can be seen that the bellows 
section of the cell is held extended with the aid of two 
retaining-screws. These are necessarily removed during a 
pressure experiment, but are left in position whenever the 
cell is being filled or cleaned. Their primary function is 
to ensure that the bottom compartment volume is reproducible 
when the cell is filled and to prevent the bellows being 
twisted when the bottom plug is tightened. It was also 
standard, experimental practice to leave the cells with their 
bellows held fully extended when they were not in use.
2.3 Description of the high-pressure equipment and thermostat
baths
It was pointed out at the beginning of the previous 
section that the diaphragm cells used in this work are 
designed to be contained within a pressure vessel and that 
they do not support any significant pressure differential 
themselves. The main advantage of using this technique is 
that it avoids the necessity of making any significant 
corrections for changes in the internal shape of the cell 
when high pressure is applied to it. A typical design for 
an enclosure vessel for the diaphragm cells is shown in 
figure 2.3. The wall dimensions of the vessel illustrated 
have been based upon the use of a beryllium/copper alloy 
for its construction, with an intended maximum operating 
pressure of 400 MPa. The closure plug at the top of the vessel
closure plugoil bleed line
w ater bath level
cap  nut
o-ring seal
seal support ringsthreaded section for connection
to pressure cell
clamp ring ( 2 halves)
hydraulic oil inlet
support bracket
& base
0 *00*05* 5*
Figure 2-3 E n c lo su re  v e s s e l  f o r  th e  h ig h - p r e s s u r e  diaphragm c e l l s .  
D o tted  l i n e  n e a r  to p  o f  f i g u r e  i n d i c a t e s  normal l e v e l  
o f  immersion in  th e rm o s ta t  b a th .
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is also made from the same material, while the cap nut is 
turned from stainless steel.+ The first beryllium/copper 
vessel made to this design failed through a flaw in the 
material and a second vessel was subsequently turned from 
titanium 550. (IMI Australia Ltd., Melbourne.) The
titanium alloy used for the second vessel has a somewhat 
higher tensile strength than beryllium/copper, so that the 
wall dimensions were slightly reduced. However, in both 
cases the vessels were designed to include a considerable 
safety factor which would allow repeated operation at the 
maximum working pressure.
When positioned in the pressure vessel, the diaphragm 
cell is suspended from the bottom of the closure plug by 
means of a short screw-thread, as indicated in figure 2.3.
The whole assembly then rests upon the shoulder near the top 
of the pressure vessel and is held firmly in place with the 
cap nut. A high-pressure seal around the plug is maintained by 
means of an 0-ring supported, when necessary, by metal back­
up rings. The hydraulic pressure line is connected via a
tThe original cap nut was made from 316 stainless steel and 
operated successfully to pressures in excess of 300 MPa. In 
recent work, operating near 400 MPa, this cap nut distorted 
and was replaced with a second unit turned from hardened 17-4 
PH stainless steel. In any event, it is desirable to fabricate 
the cap nut from a different material to that of the main 
vessel, to reduce the likelihood of the threads binding under 
load. At the highest pressures a thread lubricant, such as 
Silver Goop (Crawford Fitting Co., Ohio, USA), is also employed.
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Standard 6.35 nun (i-inch) pressure fitting (HF4 series rated 
at 400 MPa, HIP Co., Penn., USA) at the bottom of the 
vessel and the bleed-line through the centre of the closure 
plug is sealed with a screw-in blanking-plug, utilizing a 
metal-to-metal cone seal.
In practice, two separate pressure systems were in 
operation; the configuration being shown schematically in 
figure 2.4. It can be seen from the illustration that 
either system could be isolated from the pump, etc., while 
still leaving the pressure gauge directly connected to the 
vessel. In each system the pressure vessel was supported on 
stainless steel brackets fixed to the thermostat bath and 
held rigidly in place with either clamp-rings or bolts.
The actual mountings differed between the two baths, but the 
design shown in figure 2.3 is considered the better. All 
hydraulic lines were of 6.35 run stainless steel pressure
pressure
gauges
pressure
bath
stirrer
magnetic
stirrer
isolating
valves
thermostat
bath relief
valve
pressure
pump
v\ u  \ v
F'91!1' * S c h e m a t i c  diagram of pressure cell baths and apparatus.
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tubing, rated to at least 400 MPa, and connections were 
made via the standard high-pressure fittings specified 
previously. Valves, elbows, etc., all had similar pressure 
ratings.
In either system pressure was generated using a 
slightly modified Blackhawk pump (Applied Power Industries 
USA) which normally delivered up to 275 MPa. (40,000 psi). 
However, with care, higher pressures could be held in the 
system for short periods of time using this particular pump. 
Monitoring of the pressure in the apparatus was generally
tdone with either of two Heise (Newtown, > Conn,USA) pressure gauges 
which had maximum working pressures of 150 MPa and 300 MPa 
respectively. These gauges were considered accurate to
within ±0.1% of the full scale reading, so that pressure 
experiments carried out below 150 MPa should be accurate to 
within ±0.2 MPa, while the higher pressure readings are 
considered accurate to within ±0.3 MPa.
The thermostat baths used in conjunction with the 
pressure vessels are of a standard design and need not be 
discussed in any detail here. They consisted of rectangular, 
stainless steel baths which were mechanically stirred, and 
thermally insulated on the sides and bottom. Each had a
3capacity of approximately 100 dm . Water was used as the 
thermostatting liquid and the bath level was adjusted to be 
within 20 - 30 mm of the top lip of the pressure vessel.
This ensured that the diaphragm cell contained within the
tSome of the earlier pressure cell experiments were monitored 
with a Budenburg gauge (rated to 40,000 psi, recalibrated 
in MPa).
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vessel was well below the water level of the bath (see 
figure 2.3) and that any thermal gradients would be 
minimized. Temperature control in the baths was maintained 
with a variety of controller types depending on the 
temperature required and the bath configuration. Generally, 
the temperature variations in the bath were kept within 
±10 mK, and they were continually monitored using bomb 
calorimeter (or equivalent) mercury-in-glass thermometers.
Also, the temperature set-points of the baths were 
periodically checked against a calibrated platinum 
thermometer. Any drift in the set-points was held within 
the above limits but, since the baths were not completely 
enclosed, their temperatures tended to cycle slightly with 
changes in atmospheric conditions. Consequently, the 
temperature for any diffusion measurement was taken as an 
average over the period of the experiment and, in general, 
would be accurate to within ±0.05 K.
2.4 Mathematical treatment of the high-pressure diaphragm cell 
It follows from the discussion given above, 
that once the high-pressure diaphragm cell has achieved 
hydrostatic equilibrium at the operating pressure, the 
equations which govern its behaviour are simply the cell 
equations given in section 2.1. By analogy with equations 
(2.7), we can write for the pressure cell:
(D)
(2.8a)
and:
26
(ß).
1 + 1
1--Q
V
1__
< V p  p * 3((7T)p + O V p )
(2.8b)
where the subscript p denotes the value of the quantity at the
4*experimental pressure. The sinter dimensions A and l, and its 
volume V^ are not subscripted since these quantities do not 
change significantly when the cell is pressurized, but the 
remaining variables must be determined in some way before 
(£>) can be calculated. McCool and Woolf^ have set out a
lr
number of equations which, essentially, relate the 
p-subscipted variables to their atmospheric pressure 
counterparts and it is an abbreviated form of their treatment 
which is given below. However, in their discussion of the 
bulk flow occurring in the cell at the end of a pressure 
experiment, these authors introduce a number of additional 
quantities in their final equations which do not appear 
normally as diaphragm cell parameters. In this work these 
additional quantities have been expanded in terms of their 
definitions, so that the final equations given here are 
expressed only in terms of the measurable parameters associated 
with the cell.
It has been emphasized on several occasions during this 
chapter,that the ability of equations (2.7) to describe 
diaphragm cell behaviour,depends strongly on the compartment 
volumes and Vg being closely matched. Consequently, if 
the equations (2.8) are to be directly applicable to a 
pressure cell experiment, it is necessary that:
Variables which do not have a p-subscript will always refer 
to the quantity measured at atmospheric pressure.
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<Vpa<7Ty (2-9)
Now it is clear from figure 2.2 that while the volume of the 
top compartment is invariant during a particular experiment 
(i . e . = r^p) » the value of ( 7g) will be determined by
the total liquid volume in the cell at atmospheric pressure 
and by the isothermal compressibility of the liquid. It is 
easily shown for the pressure cell that (7g) is given by:
(VB )p = 7ß + ZV±(k ~ 1} (i = T > B > D)
=  kvB + (k - 1)(7t + fd ) ,
where:
( 2 . 10 )
k <V* (2 .11)
Here k represents the ratio of the volume 7^ of a fixed amount 
of liquid at pressure p to its equivalent liquid volume at
•4- • . •atmospheric pressure. Assuming a strict equality in 
equation (2.9), we obtain from the above equations:
kVn + (k - l)7n
( V p  - <rT>p - 7t - 2 - T --- 5 • (2-12)
Hence, by using the volume-adjustment (spacer) rings 
described in section (2.2) for the top compartment, it is 
possible to preselect the value of V which will be required 
in the experiment to ensure that equation (2.9) holds. Even so, 
the volume-adjustment rings can only provide stepwise changes
+Also:
where p is the density of the liquid.
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in the value of VT so that it is usually necessary to amend 
the intended experimental pressure slightly if equation’(2.12) 
is to be satisfied exactly. The preceding equations are now 
sufficient to enable the values of (7.) to be related tol p
their atmospheric pressure values; it only remains to derive
the expressions which govern the concentration terms (£7^ )^ ,
(Cm) and (CD) in order to be able to evaluate (D) from v T p Byp v yp
equation (2.8a). The determination of each of these 
experimental parameters will now be discussed in turn.
In tracer experiments the initial concentration in the 
top compartment (or (C'°)^ ) is not usually measured directly 
but is calculated from the final values of C^ and using a 
mass-balance equation. This method is easily applied to a 
diaphragm cell since, if the top and bottom concentrations 
are known (as well as the associated compartment volumes), 
then by the law of conservation of mass the initial top 
concentration can be calculated from the total amount of 
material present in the cell. For the pressure cell the 
relation is:
(<Vp 7T [ VT + 2 ] (6V p  + ^ 7B^p + 2 -^B^p* (2.13)
This equation is based on the assumptions that (1): the 
diffusing material is confined entirely to the top compartment 
initially, and (2): that the diaphragm contains a linear 
concentration gradient at the end of the experiment. For 
practical purposes neither of these assumptions introduces 
any significant error in tracer experiments, particularly in 
the case of the pressure cell. Once the radioactive material 
has been introduced into the top compartment, it is confined 
there by the flow of fresh solvent through the diaphragm as
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the cell is compressed; diffusion can only commence once 
the working pressure is reached. The second assumption, 
involving the presence of a linear gradient at the end of 
an experiment, is only slightly in error and because of 
the condition that 7ß << (or V^), (section 2.1), the 
error introduced in equation (2.13) is negligible. Therefore, 
the solutions of equations (2.13) and (2.8a) depend only 
upon the evaluation of the concentration terms (CrjO^  and 
(Cß)p. Unfortunately, these terms cannot be determined 
directly since the top and bottom concentrations are 
obtained from samples taken at the end of an experiment, 
after the pressure has returned to atmospheric. In principle, 
it follows from equation (2.11) that:
C .l
(C. )1 'p
(i = T ,B ). (2.14)
Since there is only outflow from the top compartment at the
end of an experiment due to expansion of the contents, this
relation can be used to obtain (^T )^  from the directly
measured value of C .^ However, the determination of (C_.)1 Bp
is more difficult. As a result of the bulk flow which 
occurs when the cell is returned to atmospheric pressure, at 
least some of the contents of the diaphragm (and sometimes 
the top compartment as well) are expelled into the bottom 
compartment. Consequently, the concentration measured in 
the bottom compartment, which we denote here as , is not 
related to (Cß) by equation (2.14). McCool and Woolf11
lr
have defined three sources of bulk flow into the bottom
compartment as a result of the release of pressure: (i) 
expansion of the liquid in the diaphragm; (ii) expansion
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of the liquid in the top compartment forcing material out 
of the diaphragm; and (iii) if the expansion in (ii) is • 
sufficiently large, flow of liquid from the top compartment 
through the diaphragm. The first two of these flows are 
illustrated in figure 2.5 . The increase in volume for 
both the top compartment and the diaphragm can be calculated 
from the equation:
A 7. V± ~ (7i>p (i = T,D)
t V ]7i’ (2.15)
where y/ represents the volume to which (7i) expands on the
a b c
Figure2.5 Schematic representation of bulk flow from diaphragm, 
(a) Concentration profile through diaphragm at 
experimental pressure; (b) expansion of liquid in 
diaphragm on release of pressure; (c) displacement of 
diaphragm contents by expansion of liquid in top 
compartment. (The shaded area represents total bulk 
flow from the diaphragm.)
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release of pressure. Using the convention for x shown in 
figure 2.5, it is easily seen that the concentration C^ 
in the diaphragm at any distance from the upper boundary 
is given by:
C7d (x ) = CT + (CB - CT) j . (2.16)
where l is the effective length of the diaphragm. If A is 
again taken to be the effective cross-sectional area, then 
the amount of material in the diaphragm between two planes 
l^  and l2 is:
V2 l 2
fCD(x)dP = S a IC^ + (CB - CT) j ]da:. (2.17)
V1 l\
Referring to figure 2.5 , it follows that the amount of
material, , forced from the diaphragm by expansion of the
liquid contained within it to a volume ( +  Ay^), is
obtained by choosing the limits of integration in equation
(2.17) to be l (the lower limit) and l + A^; where 
+A7d = AAl^. Similarly the outflow from the diaphragm 
due to inflow from the top compartment of a volume Ay^ is 
obtained from equation (2.17) with the limits set at l - A 
and l; where, as before, Ay^ ,^  = AAl^. However, it should be 
noted that in both cases the integration is carried out with 
the contents of the diaphragm expanded, so that the effective 
length l in equation (2.17) is replaced with the quantity 
l + AZq . The resulting bulk flow contributions in these two
t Such a clearly defined boundary between the contents of 
the bottom compartment and those of the expanded diaphragm 
does not exist in practice; however, this does not 
invalidate the approach since the expansion is carried out 
relatively quickly.
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cases are then given by:
(C
M 1 = V h )  +
B - cT ) (27dA7d + AFd )
(^ Af'n)
and :
CTAVT1
(<7b - cT ) (27DA7T1 - A7T1)
O', A7d )
(2.18)
(2.19)
The third possible bulk-flow contribution is the flow of
material from the top compartment, through the diaphragm,
(
into the bottonj. The overall volume expansion of the liquid 
in the top compartment is described by equation (2.15) and, 
using the notation given above, may be written as:
A7t = A7T1 + A7t2 = (1 ^ k) 7t , (2.20)
where now A7T  ^ = 7g, so that:
M3 CTA^T2 ^
(1 - k) 7t  - 7d ]Ct (2.21)
All these flows take place into a volume which then contains 
a total amount of labelled material:
*
V b (tfi + M2 + m 3> + (CB>p < V p  • (2.22)
Here is the measured concentration in the bottom compartment, 
as described previously, and is obtained by direct sampling of
the cell contents at the end of the experiment.
Using the calibrated A/l value for the diaphragm and
the above equations, it is now possible to calculate all 
the quantities necessary to solve equations (2.8), although, 
in its present form, equation (2.22) is not particularly 
convenient for obtaining the value of (Cg) . McCool and 
Woolf11 combined and rearranged equations (2.18) to (2.22) 
to obtain more direct expressions for this parameter in
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the two possible cases of interest: (i) M 3 = 0, and 
(ii) Mg > 0. However, their final equations were still-not 
explicit for (Cg) and also retained the use of the 
variables A7^ and A7,p^. In this work the expressions for 
M^ and Mg have been expanded using equation (2.15) and the 
parameters A7g and A 7 ^  have been eliminated. (See Appendix 
1). After recombining the resulting expressions, and some 
further simplification, the final equations of interest are:
(1) M3 = 0:
(ffB )p
2VD Vb 4  - O  - k ) 2 ( Vrj* + Pp ) 2 ( ) p
2VVVBk - (1 - k ) 2 ( Vr  + yD)2
(2.23a)
(2) M3 > 0
(<7B)p 2 vb cb
- [(2 - 2 k ) V „ + (1 - 2i)Fn](C„)T p
2k(FB + + Vn ) - - 7,
. (2.23b)
If it is considered more convenient, the subscript p may also 
be eliminated from these expressions by using equation (2.14) 
and multiplying both sides of the above relations by the 
parameter k.
Finally, for quick-reference purposes, all the important 
equations given in this section, which are necessary for the 
calculation of a pressure experiment, are summarized together 
in Appendix 1.
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2.5 Experimental operation of the pressure cells and
analysis of compartment contents
While the preceding sections have outlined most of the 
essential features of a high-pressure diaphragm cell experiment, 
there remain a number of important details, in regard to the 
experimental measurements, which have been implicitly assumed 
in the discussion. The simplest and most convenient method of 
dealing with these factors, therefore, is to give a short 
description of the normal experimental procedure and to point 
out where potential difficulties may arise.
(i) Filling, loading and pressurizing the cell
Once the cell has been assembled and the body components 
tensioned to the required torque (see section 2.2), it is 
connected between the glass reservoir and the filling-tube 
shown in figure 2.6. The filling-tube extends directly into 
the de-gassed solvent in the bottom flask and is filled with 
the liquid to the level of valve (B) initially. While valve 
(B) remains closed, the cell and reservoir are evacuated by 
connecting a vacuum pump at valve (A). When the pressure 
inside the cell has been reduced to below approximately 130 Pa 
(1 torr), valve (A) is closed and the ball-valve (B) is quickly 
opened. The flask must contain sufficient liquid to fill both 
the cell and the reservoir (which, in this work, had about the 
same volume as the cell) and still leave the end of the 
filling-tube dipping below the remaining liquid level. In 
this way most of the air is removed from the cell and the 
diaphragm is completely flushed with liquid. Furthermore, -any 
vapour generated during the filling process is usually trapped
35
valve (A)
glass reservoir
pressure cell
valve (B)
stainless steel 
filling tube
de-gassed solvent
Figure 2-6 F i l l i n g  c o n f i g u r a t i o n  f o r  t h e  p r e s s u r e  c e l l s .
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in the top reservoir.
When the cell and reservoir have completely filled,•
valve (B) is closed again and valve (A) is opened to the
atmosphere. After draining some of the liquid from the
•f*reservoir, the retaining screws (or pin) holding the 
bellows extended are removed and the bellows is gently 
pumped up and down a few times to ensure that no pockets 
of vapour are still caught in the cell. Once this is done, 
the retaining screws are put back temporarily, the reservoir 
and filling-tube are both disconnected in turn, and each is 
replaced with the appropriate cell plug. At this point the 
bottom plug is tightened to the necessary torque and, for 
later convenience, one of the retaining screws is again 
removed. The cell is then left to equilibrate in the 
thermostat bath along with a small, additional quantity of 
the solvent in a stoppered flask.
After an equilibration period of one to two hours, the
top plug of the cell is removed ready for loading and a small
3quantity 2 cm ) of the contained liquid is extracted with 
a syringe. This aliquot is added temporarily to the 
thermostatted flask while the radiotracer solution is 
injected gently along the side of the top compartment with a 
microlitre syringe. Typically, for the radiotracer solutions 
tThe use of the threaded brass pin (figure 2.6) in place of one 
of the retaining screws was found to be particularly convenient 
during filling and loading of the cell. It also prevented the 
cell being placed in the pressure vessel before the bellows was 
released; an oversight with depressing consequences.
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described below, a sample of 25-50 i_il is usually added.
The compartment is then filled again from the thermostatted
flask - ensuring that the radioactive solution is completely
flushed in - and the top plug is replaced and tensioned.
+For a pressure experiment the remaining retaining screw 
is now removed from the bellows, the cell is mounted in the 
enclosure vessel and pressure is applied to the system.
During compression,the flow of liquid is through the sinter 
and no diffusion can occur in the diaphragm until the working 
pressure is reached. The beginning of the experiment is, 
therefore, taken only from this point. Also, at high-pressures, 
a slight over-pressure is necessary initially, to compensate 
for cooling of the vessel contents during the first few 
minutes of the experiment.
(ii) Sampling of the cell compartments and counting techniques
The end-point of a high-pressure diaphragm cell 
experiment is even more clearly defined than the beginning 
of the experiment just discussed. Once the intended diffusion 
period has elapsed, the pressure valve isolating the system 
(see figure 2.4) is gently released and the pressure is 
allowed to return smoothly to atmospheric. As soon as bulk 
flow commences in the cell, the gradient in the diaphragm is 
destroyed and the effective diffusion ceases. The cell is 
then left undisturbed for a brief period (ca. 100 s) with the 
stirrers still rotating so that good mixing is obtained in 
the bottom compartment. Following this, the cell is quickly
•f*For experiments at atmospheric pressure, the bellows 
retaining screws are left in place.
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removed from the pressure vessel, the top and bottom
3compartment contents are sampled ('v 5 cm ) with suitable 4 
syringes and the liquid transferred to tared, stoppered 
flasks. With practice, this whole unloading procedure 
could be carried out in under five minutes.
After a short equilibration period in the balance room, 
the top compartment sample is diluted with unlabelled 
solvent in order to approximately match its activity to that 
expected for the bottom compartment. Counting of the
5solutions is then carried out using conventional techniques.
Each compartment sample is mixed with a scintillator solution
(approximately 6:1 w/w scintillator to sample) and the
dilution ratio for both samples is closely matched
+gravimetrically. The samples are then counted simultaneously
using a dual photomultiplier system; the two solutions being 
alternately switched between the photomultipliers.
Approximately 10° counts were accumulated for each sample in 
front of each photomultiplier - over a set of 4 to 6 alternate 
counting periods - before the solutions were removed and 
stored. The counting bottles were cleaned and the procedure 
was repeated with the bottle/sample combination interchanged.
The accumulated counts for both samples were obtained from 
each photomultiplier system and the diffusion coefficient was 
calculated in each case. Agreement between the two systems
tThis can be particularly important if the liquid ’quenches’ 
the scintillator and the response is non-linear with concentration. 
The same is true of the initial dilution of the top compartment 
in attempting to match activities of both samples. Fortunately, 
the liquids studied in this work did not show any quenching 
effects and corrections for slight mismatching were relatively simple.
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was typically ±0.25% or better, as can be seen from the 
results given in Appendix 6.
(iii) Preparation of the radiotracer solutions and 
scintillator solutions
Although the preparation of these solutions does not 
form part of the normal course of a diaphragm cell experiment, 
they are a necessary part of the radiometric measurements 
and are included here briefly for completeness.
The radioactive samples used in this work were obtained 
from the suppliers with an activity of either 9.25 MBq or 
18.5 MBq (250 yCi or 500 yCi) and were all provided in glass 
break-seal tubes. Referring to figure 2.7, the upper part 
of the pyrex tube was initially cleaned and rinsed with the 
unlabelled liquid into which the sample was to be dissolved. 
Following cleaning, the top part of the tube was re-filled
3so that approximately 3 cm of liquid was above the glass
hook and the labelled sample was then frozen by dipping the
lower portion of the tube in liquid nitrogen. After removing
the sample tube again, the glass hook was snapped with a
metal probe, causing the unlabelled solvent to spray into
the bottom section and dissolve the labelled material. The
top portion of the tube was then cut off and the solution
transferred to small, teflon-stoppered flasks.
In this work the primary scintillator solution used
for the radiometric analyses was PPO/POPOP in toluene. The
_ 3normal concentrations were 4 g dm of PPO (2,5-diphenyloxazole)
_3as scintillator with 50 mg dm of POPOP (1,4 bis- 
(5-phenyloxazol-2-yl)benzene) as spectrum shifter. Both these 
materials were scintillation grade (or equivalent), available
from a variety of suppliers, while the toluene was dried 
Analytical Reagent grade. On several occasions a 
commercially supplied liquid scintillation cocktail was 
also used (Aquasol , New England Nuclear, Ma., USA).
No difference was ever observed between the results obtained 
from this preparation (which is xylene-based) and the PPO/ 
POPOP solutions described here.
unlabelled solvent
glass hook
labelled sample
Figure 2-7 Preparation of radioactive tracer solutions.
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2.6 Errors in the technique
Other than the bulk flow correction which is discussed
beiow, the principal errors arising in the pressure cell
technique are the same as those normally associated with
conventional diaphragm cell experiments; i.e. the
uncertainties inherent in the calibration and counting 
5 14procedures. ’ There remain, however, several other minor 
sources of error which also need to be considered, arising 
mainly through the application of pressure to the system.
(i) Temperature effects
At the beginning of any pressure experiment, the 
compression of the liquid contained within the pressure 
vessel generates a considerable amount of heat energy inside 
the apparatus. As a consequence, the cell, and its 
surroundings, will experience a significant increase in 
temperature during the first few minutes of the experiment.gCollings et al. investigated the magnitude of this effect 
inside the pressure cell and found a temperature rise of 
some 6 K for a pressure increase of only 65 MPa applied to a 
sample of benzene, Clearly, this change in temperature will 
depend upon the nature of the apparatus, the pressure and 
the material concerned, but the effect will be comparable in 
any similar experimental configuration. Effective diffusion, 
however, cannot take place in the diaphragm while the cell 
is still being pressurized, so that the heating effect can 
be reduced to some extent at the beginning of an experiment 
by carrying out the compression relatively slowly. 
Nevertheless even with such precautions, the temperature rise 
within the cells is often quite large. In the type of
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apparatus used in these experiments, the temperature gradient
across the pressure vessel decayed rapidly through
dissipation of heat into the thermostat bath. Hence, except
for a short period during which the diffusion coefficient is
thermally increased, only the working pressure of the
experiment will be affected by the re-equilibration of the
+temperature inside the apparatus. Typical decay times for 
the temperature gradient (as assessed from the initial 
variation of the pressure in the experiments) were found to 
be in the range 300 s - 600 s, with most of the decrease 
occurring within the first 180 s. This period would 
generally represent less than 0.25% of the experimental 
run-time, so that the short period of enhanced diffusion 
would not contribute more than 0.1% - 0.2% to the value of 
(Z?) determined from the experiment.
(ii) Effect of pressure on the cell parameters
The second possible effect of pressure is to change the 
values of the various cell parameters 7^ , 7ß, 7^ , and A/l. 
This effect, however, is minimal since the cell is contained 
entirely within the pressure vessel and changes in these 
parameters can only result from compression of the cell 
components themselves. Such uncertainties are relatively 
small in comparison with the accuracy with which other cell 
parameters (such as (7D) ) can be calculated. FromB p
equation (2.10), the volume (7g) depends upon the value of k 
for the liquid under compression, and it is usually the
*f*Once the pressure vessel has been isolated by closing the 
inlet valve, the system is essentially held at constant 
volume; very little bulk flow will occur within the cell as 
T and p approach their equilibrium values.
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accuracy of this quantity which is the limiting factor in 
diaphragm cell experiments.
The parameter k occurs repeatedly in several of the 
equations given in section 2.4 and any mathematically- 
based assessment of its contribution to the error in the 
measured diffusion coefficient would appear formidable. 
However, the effect of k in any given series of experiments 
can be conveniently assessed with the aid of a computer.
By repeating the calculations of the diffusion coefficient 
with the same experimental data and varying k between its 
uncertainty limits, the effect of any propagated error on 
(Z?) can be determined. This procedure was carried out for 
a number of experiments in this work covering the full 
range of pressures studied and it was found that, within 
wide limits, the relative error in (Z?) could be expressed 
in the form:
HD)
T dT a- 2.2 ^k (2.24)
Here, the proportionality constant depended slightly on the 
volume of the diaphragm used and also upon the length of 
the experiment, i.e.\ on the ratio (^q^p/C enc*
of the run. McCool et at. ^  have shown that by extending 
the length of the experiment beyond the normally recommended
•j*value, the necessary bulk-flow correction could be reduced. 
In these experiments the run-times were usually adjusted to
t cIn conventional diaphragm cell experiments it has been shown0
that the relative errors in D are minimized for C^/C^ 'v 2.
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give :
( c T )
(cB)
R
P
'v 1 . 6 ,
so that equation (2.24) relates most closely to experiments 
of this length.
There remain for consideration the effects of the
uncertainties in the experimental temperature and pressure
on the measured value of (Z?) . Close control of these
P
quantities throughout the experiment is an obvious 
requirement, but a discussion of the errors introduced by 
inaccuracies in their measurement will be deferred until 
the results are presented in Chapter Four.
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CHAPTER THREE
DIFFUSION MEASUREMENT: THE NMR SPIN-ECHO TECHNIQUE
3.1 Introduction
From his original investigations into the spin-echo
phenomena associated with pulsed NMR experiments in
liquids, Hahn1 concluded that part of the decay observed
in the received echo signal could be attributed to
molecular diffusion occurring in a field gradient during
the experiment. Based on this observation, he then suggested
that the pulsed NMR technique might prove a convenient method
for determining self—diffusion coefficients in suitable
2liquids. Following from Hahn’s work, Carr and Purcell 
derived equations which expressed the attenuation of the spin- 
echo in terras of a contribution from molecular diffusion and, 
since that time, the pulsed technique has been used 
extensively to make self-diffusion measurements in a wide 
variety of systems.
In principle, an NMR spectrometer can offer several 
advantages over other experimental methods, such as the 
diaphragm cell technique described in the preceding chapter. 
Only a small sample is required for an experiment and there 
is no need to maintain a concentration gradient for the 
diffusing species. A further advantage is that the time for 
the experiment is relatively short. Nevertheless, despite 
the large number of measurements made using this technique, 
it has not as yet achieved a good reputation for high accuracy
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or reproducibility. Many of these uncertainties have arisen 
through a lack of precision in the measurement of the spin- 
echo height and also to the difficulty in establishing a 
well-known, uniform, magnetic field gradient across the 
sample.
In the spectrometer developed in these laboratories for 
diffusion measurements, special account was taken of these 
earlier deficiencies in the method and a number of the 
limitations have been overcome. The apparatus uses a much- 
improved coil design in which the sample can be reliably 
positioned and includes a peak-reading device designed 
specifically to measure echo heights accurately. Also, 
absolute determination of the magnetic field gradient, which 
usually involves theoretical calculation or measurement of 
the signal shape, has been avoided by calibration of the 
system with known standards. But, before proceeding further 
with a more detailed discussion of the apparatus, it would 
appear useful at this point to present a brief description 
of the principles on which NMR pulsed experiments are based.
3.2 Basic principles of the NMR phenomenon
It is well known from elementary nuclear theory that 
amongst the various properties of any given nucleus, there 
can exist a fixed and characteristic quantity of spin angular 
momentum. Irrespective of the nucleus concerned this angular 
momentum, denoted here by the vector quantity J, will have 
its magnitude specified by the equation:
I J| = /J( J+l) fi , (3.1) 
where # is Planck's constant h divided by 2w and I, the spin
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quantum number of the nucleus in question, is a member of
the sequence: 0, £, 1, 3/2, 2 ..... In addition, for those
nuclei for which I > 0, there arises an associated magnetic
dipole moment m which is directly proportional to the spin
tangular momentum and is defined as :
m = yJ . (3.2)
Here the proportionality constant y is termed the 
magnetogyric ratio and is a property strongly determined by 
the nuclear structure.
When a nucleus possessing a non-zero magnetic moment is 
exposed to a magnetic field,the resulting interaction energy 
E is given by the classical relation:
E = -m.Bo , (3.3)
where Bq is the magnetic flux density in the sample due to 
the applied field. However, since quantum mechanics requires 
that the component of angular momentum parallel to the applied 
field can only adopt values which are certain fixed multiples 
of ft, the number of solutions to equation (3.3) is greatly 
restricted. Following the usual convention of defining the 
z-axis to be along the direction of the applied field, the 
parallel component of J may be written as:
?z = XZ.S , (3.4)
For nuclei with J > \ there exists, in addition to the 
magnetic dipole moment, an electric quadrupole moment. In 
the work described here the discussion will be restricted to 
nuclei for which I = \ so that no quadrupole effects arise.
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k being a unit vector directed along the z-axis. The allowed
values for I are then given by: z
Jz = MI* » (3.5)
where Mj is a member of the set: J,(T-l),(J-2), ... -J.
Applying this additional condition to equation (3.2) we 
obtain:
mz = (yM } (3.6)
and it follows from equation (3.3) that the magnetic interaction 
energy is then given by:
E = -yMThB (3.7)'I o >
where Bq - |5 |. Hence, the energy levels available to the 
nucleus are equally spaced with a separation:
AE = \y\ftBQ , (3.8)
and the radiation frequency for a transition between adjacent 
levels is given by:
v h
H Bo
2tt (3.9)
For a sample at equilibrium in the magnetic field the 
nuclei are distributed amongst the energy levels in accordance 
with the Boltzmann distribution; the relative population of 
each level being maintained by the normal molecular relaxation 
processes. Consequently, the numbers of nuclei populating 
each spin state are not equivalent and the individual nuclear 
moments do not cancel one another completely. This results in 
the sample possessing a residual macroscopic moment, which is 
usually termed the magnetization, and is denoted here by the
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quantity M. As most conventional NMR instruments produce
magnetic flux densities of around a few hundred millitesla
inside the sample, AE (equation (3.8)) separating the energy
levels is quite small, so that, under normal laboratory
conditions, the relative populations of adjacent levels
differ by only a few parts per million. For liquids and
dense gases, however, there are usually sufficient nuclei
3in a conveniently small sample (oa- 0.5 cm ) for the nett 
magnetization to be detected.
It follows from the above that if the sample is left at 
thermal equilibrium in the applied field, the magnetization 
will achieve a constant value. Furthermore, since there is 
no quantization of the transverse component of the nuclear 
moments, the direction of 5 will be aligned along the magnetic 
field. Any disturbance which changes the relative spin 
populations or alters the orientation of the magnetic moments, 
will be reflected in the sample magnetization and, therefore, can 
be observed directly. However, before describing the method 
by which NMR pulsed experiments are used to manipulate the 
magnetization, it is convenient at this point to briefly 
discuss the response of the spin system to external disturbances.
Without resorting to a description of the molecular
iprocesses involved , the relaxation of the spin system can 
often be expressed through simple phenomenological relations
t Molecular relaxation is a topic covered extensively in the 
literature. A good, early account of the processes occurring
3in NMR studies is given by Bloembergen et al. Other, more
4 5recent reviews are available due to Hertz, and Spiess .
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written in terms of the components of the magnetization,
M , M and M .7 It is found that if the equilibrium value x ’ y z
of M is disturbed by some perturbation, then the rate at z
which it returns to its original value can be described 
through a first order equation in the form:
d M, (Mz - M ■) (3.10)
where M \ M , and M is its equilibrium value. The time
constant T^ is termed the 'longitudinal' or 'spin-lattice' 
relaxation time. Similarly, if M has also been displaced 
so as to introduce the transverse components Mx and M^, as 
will be described below, then these components will 
necessarily decay with time to their equilibrium values.
In the case of liquids and dense gases this relaxation can 
also be expressed in terms of a single time constant, so 
that:
dM MX
d t
X
“  m  >2
(3.11a)
and
dM M__ z
dt
leT1
II (3.11b)
where = |^ x | and = |M^|. Here T2 is generally referred 
to as the 'transverse' or 'spin-spin' relaxation time. The 
transverse relaxation is subject not only to the same thermal 
perturbations which influence , but also to other spin 
interactions with neighbouring nuclear species, so that T2 is 
often considerably shorter than T^ in normal systems.
•j*It has been found, however, that T2 can still exceed T^ 
under certain circumstances.
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3.3 The pulsed NMR experiment 
7-9Bloch has shown that while many aspects of NMR 
phenomena can only be understood in terms of quantum 
mechanical considerations, a number of properties, and in 
particular those relating to pulsed experiments, can be 
described more easily through a classical treatment of 
the interaction between the nucleus and the magnetic field. 
From the classical equations of motion, the torque T exerted 
on a magnetic dipole inside a sample by the applied field 
is given by:
T = m x Bq . (3.12)
However, the torque is also equal to the rate change of 
angular momentum,so that equation (3.12) becomes:
dJ
dt m x B (3.13)
Combining this expression with equation (3.2) we have for the 
variation of m :
X Bq ], (3.14)
which describes the precession of the nuclear moment in the 
applied field. It then follows for the macroscopic system 
that:
|f = -r[M X Bo ], (3.15)
where the magnetization M represents the nett nuclear 
magnetic moment per unit volume. During precession the 
tangential speed of I is equal to \~^ \ so that the frequency
of rotation is:
(3.16)
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I dt/dt I/( 2tt I J I sin 8) M 5o
where 9 is the angle between I and B . The value of v is
o  o  ■
usually termed the Larmor precession frequency and is 
numerically equivalent to the radiation transition frequency 
of equation (3.9).
The purpose of a pulsed NMR experiment is to displace M 
into the x—y plane so that its precession can be observed.
This is done by the application of a short radiofrequency 
(rf) pulse which has its magnetic field aligned along an axis 
perpendicular to the main static field. If the oscillating 
field of the pulse has frequency v and is considered to be 
directed along the x-axis, then it may be written:
^(t) = 2B^ i cos 2irvt, (3.17)
where i is a unit vector on the x-axis. However, it is
common to regard B  ^ as being comprised of two other vectors
Br and B^, each having magnitude lying in the x-y plane,
and rotating about the z-axis in opposite directions with the
same frequency v. then becomes the resultant of the
vector addition of these two counter-rotating components. If
we now regard Br as being the component which rotates in the
same direction as the precession of m, for v f vQ there is
very little interaction between them, but if v = vq then
in a frame of reference rotating at angular speed oj = 2ttvo o *
Br will appear to be constant and interacts strongly with m.10 
Consequently, for as long as the oscillating field is present 
the nuclear moments will experience a torque, as in equation
-j*
(3.12) , and will undergo precession in the rotating reference
In this case due to B , rather than B .r o
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frame. Since all nuclei in the sample experience essentially 
the same torque, the magnetization vector will also undergo 
the ’second' precession as well. This effect is illustrated 
for the rotating frame of reference in figure 3.1a.
In typical NMR experiments the oscillating field is 
very much smaller than the applied static field and the 
secondary precession is necessarily much slower than that due 
to the main field. Viewed from a stationary (laboratory) 
frame of reference the dual precession of the magnetic moments 
results in the locus of M describing a spiral about the main 
field axis, as is shown in figure 3.1b.
During a pulse, the angular speed of precession due to 
the presence of 5^ is given by the equation:
= 2ttv1 = I y 1 , (3.18)
where B^  = |fl | . It then follows for a pulse of duration 
At , that the angular displacement of M will be:
9 = u^At^ = |y|£^Atp, (3.19)
and this equation, therefore, determines the duration of the 
radiofrequency pulse necessary to rotate M through any 
specified angle. For normal experiments 0 is usually a 
multiple of tt/2 and pulses are conventionally termed 90°,
180°  ^ etc., depending on the rotation of M.
t
In this work the static applied field inside the sample was 
approximately 0.45 tesla (T) with B^ around 1.2 mT. For hydrogen
nuclei, therefore, vQ = 19.8 MHz, while for a 90 ° pulse (9 = tt/2)
At ^ 5 ys. Pulses of such short duration do not effectively 
alter the relative populations of the energy levels, but change 
M by reorientation of the spin system.
Figure 3.1a Rotation of the sample magnetization M  into the
■ x-y plane by a 90 pulse, as seen from the rotating 
frame of reference (x',y’,zf).
Figure 3.1b Simplified diagram of the same phenomenon viewed
--------  from the stationary^(laboratory) frame of reference
(x,y,z). Normally M would complete several 
thousand rotations about the z-axis during its 
displacement into the x-y plane.
Once the rf field is removed from the sample at the
end of the pulse, the spin system begins to relax back .to
equilibrium with its surroundings again. The z-component
restores itself according to equation (3.10) while the
transverse components decay via equations (3.11). However,
->* .while the transverse magnetization M. - M' + M remainsx x y
precessing in the x-y plane, it is capable of inducing a 
signal proportional to itself in a suitably arranged 
receiving coil. Integration of equations (3.11) yields the 
expression for the decay of M^ with time, so that, following 
the pulse:
t) = o) exp(-*/T2), (3.20)
where Mx(t) = \MX \ at time t and M±(o) is its initial value. 
Consequently, in a uniform magnetic field the transverse 
magnetization will be seen to decay exponentially. This
effect, along with its associated signal induced in the
*
receiver coil, is generally termed the free induction decay.
In a non-uniform magnetic field, however, there is a 
second effect due to nuclei in different parts of the sample 
experiencing slightly different values of B . This results 
in their precession rates being slightly different and the 
initial alignment of the spins following the pulse is soon 
lost. Viewed from a frame of reference rotating at the 
average angular speed of precession in the sample, some 
magnetic moments will be advancing while others are dropping 
behind.^ The magnetic moments, therefore, will distribute
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This phenomenon can also be described effectively in terms
11of spin phase graphing.
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themselves over a large range of phase angles and statistical
averaging causes the magnitude of M± to be diminished more
rapidly than is given by equation (3.20). The behaviour of
M± has been worked out under such conditions for a number of
important cases, so that for a cylindrical sample of diameter
2
d in a linear magnetic field gradient g, Carr and Purcell 
derived:
M±(t) = 2Mx(o)J1(iygdt)/iygdt, (3.21)
where gdt) is the first-order Bessel function. A
comparison between the shape of this equation and that of
equation (3.20) is shown in figure 3.2.
Fortunately, unlike molecular relaxation which essentially
occurs randomly in the sample, the effect of inhomogeneities
in the magnetic field does not destroy the phase coherence of
the spins. Hahn'1' has shown that in the absence of diffusion,
the phase interference described above can be reversed by the
careful application of a second pulse, following shortly after
the initial one. The second pulse is designed to cause the
magnetic moments to reverse their phase angles with respect to
one another and to precess back into phase again. The
effect is illustrated in figure 3.3 for a 90° - 180° pulse
o +sequence. The initial 90 (0 = tt/2) pulse rotates M into
othe x-y plane. After a short time interval t , a second 180 
(0 = it) pulse is applied so that the relative precession of 
the spins is reversed. Following a second time interval t , 
the spins have retraced their angular displacements and 
coalesce to reform ; the reappearance of being termed 
the spin-echo.
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eqn(3.20)
eqn(3*21)
Figure 3-2 Comparison of the functional forms of equations 
(3.20) and (3.21) for the transverse 
magnetization M ± following a 90 pulse.
Hahn, however, also noted that while the disappearance
of Mx due to magnetic field inhomogeneity could be reversed,
the effect of molecular diffusion in the field gradient,
between the time of the initial pulse and the occurrence of
the echo,contributed a non-recoverable term to the attentuation
of M . Since diffusion of molecules into different within
the sample will give different precession rates for the
associated spins, the reversal shown in figure 3.3 will
not correspond completely. Both Hahn‘S and Carr and 
2Purcell derived expressions for the effect of diffusion 
in terms of the maximum intensity of the spin-echo centred
Figure 3.3 The Hahn spin-echo experiment: (a) At t = 0,
-------  rotation of the sample magnetization into the x-y
plane occurs (of: figure 3.1); (b) for 0 < t < T, 
inhomogeneities in the magnetic field across the 
sample result in a spread of precession rates for 
the sample nuclear moments - some faster and some 
slower than the average (frame of reference) 
rotation rate; (c) at t = T, a 180 pulse reverses 
the drift in phase of the nuclear moments relative 
to the average rotation rate; (d) during t < t < 2t , 
rephasing of the nuclear moments occurs; (e) at 
t = 2t , rephasing is complete and the sample 
magnetization again achieves a maximum value; and 
(f) t > 2t , dephasing commences again.
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on time t, and which can be written as:
Mjt) = Mx(o)exp[(-t/r2 ) + 12)], . (3.22)
where D is the self-diffusion coefficient of the molecular 
species. For a 90°, x, 180° pulse sequence, the spin-echo 
is centred on t = 2t so that:
Mx (2t ) = Mi(o)exp[(-2T/I’2) + ( ) ]. (3.23)
The effect of the diffusion term is shown in figure 3.4.
Written in this form, equation (3.23) represents the
usual expression on which steady-gradient NMR diffusion
tmeasurements are based. However, it is clear that in order
to obtain accurate estimates of D from this equation,the
second term in the exponential argument should dominate and
Y, g, and x must be well known. The first condition is
easily met for a wide range of liquids by the application of
a suitable linear gradient, while y is known accurately for most 
ttcommon nuclei. Hence, the only parameters which need to be 
determined at the time of the experiment are x and g . The 
value of x is the more easily obtained, requiring only the
+A more rigorous form of this equation, which includes terms 
for the pulse rotational angles and the orientation of the 
gradient, is discussed in Appendix 3.
tf
Difficulties can arise when the liquid contains paramagnetic
species which considerably reduce the relaxation time T^ or
when the solvent is viscous so that D is very small. The
latter situation can be overcome by increasing g , but to avoid
experimental problems in measuring the narrow spin-echo which
11-13results, the gradient is usually pulsed.
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measurement of the time interval between the pulses, while 
g must be calculated from the shape of the free induction 
decay or measured by direct calibration using accurately 
known diffusion data. For the instrument used in this work 
the latter technique has been found to be more suitable and 
is discussed more fully in section 3.5.
3.4 Description of the NMR apparatus
It was pointed out in the introductory section that while
the NMR technique has been used to study diffusion in a wide
range of systems, the accuracy of the measurements has often
been limited by factors inherent in the instrumental design.
For the spectrometer used in this work special attention was
given to eliminating, as far as possible, these earlier
deficiencies and a considerable improvement in the reliability
of the measurements has been obtained. Various aspects of
the present apparatus have been described recently by Harris
14 15and co-workers, ’ and, therefore, it is intended to 
indicate only some of the more important features of the 
instrument here.
A simplified arrangement of the NMR system is shown 
schematically in figure 3.5. The basic spectrometer is a 
19.8 MHz Bruker (Karlsrühe, Germany) Minispec P20 coupled 
with a Bruker BE25, current-regulated electromagnet 
containing matched pole pieces. In order to accommodate 
the high pressure vessel described below, the pole gap of 
the magnet was left set at 10 cm and additional shim coils 
were added to each pole in order to allow fine adjustment 
of the field homogeneity. The rf probe system employed a
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Figure 3.5 Schematic diagram of NMR apparatus (components 
within broken lines belong to the Minispec P20)
single coil to act as both transmitter and receiver to the
sample, and incorporated crossed diodes to decouple the two
parts of the circuit. A linear, magnetic field gradient was
then produced by a quadrupole coil1^-^  based on a winding
19configuration suggested by Webster. Following his analysis, 
a 10 - 14 - 10 turn arrangement was used in each quadrant 
and both the gradient and rf coils were wound on a common 
former. This type of coil arrangement has several advantages 
and a more detailed description of the design will be given
below.
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It can be seen from figure 3.5 that while the NMR 
system developed in these laboratories is based primarily 
on the P20 spectrometer, a number of additional features 
have been incorporated into the apparatus to enable 
accurate measurements of the spin-echo height to be made.
The P20 is used to supply the rf pulses to the sample and 
it furnishes most of the timing and logic control functions 
for the other components of the system. Initial amplification 
and detection of the received signal is also provided by 
the Minispec P20, using either its diode or phase sensitive 
detector. However, as there is no provision for field­
locking in the present apparatus, only diode detection can
•j*be used during diffusion measurements. The necessary 
calibration of the receiver system is carried out (see 
section 3.5) using a signal generator not shown in the diagram.
Following amplification and detection, the received 
signal is sent, via a low-pass filter, to a peak reading 
device which measures the maximum amplitude of the spin-echo. 
The peak reader is a sample-and-hold device designed to 
record the maximum signal level received during a predefined 
time interval. This time interval, termed the sampling 
'window', has a width of around 2 milliseconds and can be 
centred on the peak maximum using the variable delay 
illustrated. Once the spin-echo height has been measured, 
it is digitized and displayed with only slight decay (<0.2%) in the
Although the phase sensitive detector can offer significant
advantages over diode detection, it is necessary to have a
very stable magnetic field across the sample. More details
of the requirements of these detectors are given by Farrar 
20and Becker.
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sampled voltage. However, as diode detection is employed 
during experiments, it is also useful to determine the . 
d.c. offset (bias) of the signal as a measure of the noise in 
the system. This is done by connecting a voltmeter into 
the circuit following the P20 detector. Using a suitable 
delay, the level of the residual signal can be measured 
once the spin-echo has decayed completely.
Other features shown in figure 3.5 include the constant 
current supply to the gradient coil, which is described in 
the following section, and the external timer connected to 
the P20 spectrometer. Although the P20 provides its own 
internal timing for pulse separation, etc,, the external 
reference serves as an accurate cross-check on the system 
and gives a readout for the t parameter in equation (3.23).
Because of its inherent compactness, the rf and 
gradient coil configuration described above has been found 
to be of particular advantage for use in high-pressure 
experiments. Consequently, both the atmospheric and high- 
pressure probe assemblies use a coil design similar to that 
shown in figure 3.6. In each case the rf coil is wound in 
a helical groove cut around the diameter of the glass 
former, while the gradient coil is wound into the 
longitudinal slots along the length of the body. Both
4-coils are then cemented in place with a dense epoxy adhesive.
A further advantage to this coil configuration is that the 
sample position is well-defined with respect to both the rf
Eccobond 104 epoxy adhesive (Emerson and Cuming, Canton, USA) 
was found to be particularly suitable. This epoxy has a very 
high mechanical strength and appears to be relatively 
impermeable, even to high pressure gases.
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and gradient coils. Also, since a quadrupole coil produces
a large, central region of uniform field gradient, the .
effect of any small misalignment between experiments is
considerably reduced. The latter feature, in particular,
facilitates calibration of the gradient coil independently
of the diffusion measurements. Coil designs of this type
15 21have been used successfully with high pressure gases, *
22and with liquid samples to pressures in excess of 300 MPa.
For experiments at atmospheric pressure, the sample 
and coil assembly were immersed in a small thermostat bath 
set inside a second sealed copper bath. Thermostatting 
liquid was then circulated through the second bath and the 
temperature was monitored with a platinum sensor mounted 
just below the sample. Using this arrangement, the sample 
thermostat bath could be maintained within ±0.02 K of the 
required set-point.
In high-pressure experiments the coil assembly was
designed so as to fit neatly into the pressure vessel shown in
figure 3.7 and electrical connections were then made using
15insulated cone seals passing through the top closure plug.
For experiments on compressed liquids the sample is confined 
in a 5 mm diameter glass tube, drawn out at one end to a 
narrow bore, and fitted with a teflon bellows to transmit 
the externally applied pressure to the contents. This 
sample cell is similar in principle to a design described
by Brooks et at and is illustrated in figure 3.8. Since
the liquids studied in this work involved only proton 
resonance, the pressure was applied to the sample via a 
suitable fluorocarbon liquid (FC-75, 3M Company, St Paul, USA)
68
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Figure 3-7 Enclosure vessel for high-pressure
NMR experiments.
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using a high-pressure hand pump. It was then monitored 
throughout the experiment with a Heise 0-400 MPa Bourdon 
gauge (Heise Bourdon Tube Co., Newtown, USA) and was 
considered accurate to within ±0.4 MPa (0.1% of the full 
scale reading). Temperature control in these experiments 
was maintained by immersing the high-pressure assembly 
in a glass dewar filled with ethanol or petroleum spirit. 
Thermostatted liquid was then pumped through a copper coil 
wrapped tightly around the pressure vessel and variations 
in the temperature were again monitored with a platinum 
sensor. The platinum element was mounted in a thermometer 
pocket drilled into the bottom closure plug so that it was 
within a few centimetres of the sample, but not exposed to 
the high pressure system. Temperature variations were 
typically ±0.02 K although, at the higher temperatures,
glass sample tube teflon bellows
deirin end-piece
heat-shrink seal
plug & o -  ring seal
Figure 3.8 NMR sample tube used for high-pressure experiments.
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drift in the system occasionally resulted in the set-point 
changing by ±0.05 K during the experiments. A more 
detailed discussion of the effect of the uncertainties in 
the temperature will be given in the following chapter.
3.5 Experimental procedure and coil calibration
Although careful design of the NMR apparatus can result 
in a considerable improvement in the accuracy of the 
diffusion measurements, much still depends on the method 
used to extract the necessary data from the received signal.
By re-casting equation (3.22) in instrumental terms, the 
maximum amplitude A of a spin-echo signal induced in the 
coil and centred on time t, will be given by:
A{t) = A(o )exp[ (-t/T^ ) + (-y2ör2öt3/12 ) ] . (3.24)
Consequently, for a 90°, t , 180^ pulse sequence,the echo 
maximum occurring at time t = 2t can be written as:
A(2t ) = AQexp[(-2T/T2) + (~Y 2( ^  + 292l90 ], (3.25)
where g = g ^ + gQ . Here the field gradient g has been
separated into two terms: (1) the applied gradient g due to
the quadrupole coil and (2) a smaller component g , arising
from the inhomogeneities in the main field. Also, it should
be noted that the value of AQ used here differs from A(o) of
equation (3.24). The leading constant in equation (3.25) now
includes an additional contribution from the exponential
2term due to the presence of g . It follows that unless a 
particularly good magnet is available in which the 
inhomogeneities are negligibly small, the contribution from gQ 
remains a term which is experimentally inseparable from the 
applied gradient.
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For a quadrupole coil, the magnetic field gradient is 
directly proportional to the current in the windings. In 
the present experimental arrangement the regulated current 
source shown in figure 3.5 is connected to the gradient 
coil in series with a precision resistor, and, by using 
the voltmeter included in the circuit, the current is then 
calculated from the voltage drop AV across the resistance R 
Therefore, the applied gradient can be expressed as:
where k is termed the gradient coil factor and is determined
9
by the calibration procedure given below. Since the value of 
R is fixed in the apparatus, g may be more simply given as a 
function of A V . Hence, if the pulse separation parameter t 
is held constant and only g is varied, equation (3.25) can 
be rewritten as:
where A ' also includes the constant T 0 term. Expressed in o z
this form, equation (3.27) represents the spin-echo height
entirely in terms of the experimental quantities and the
coefficients a, b, A^ can then be obtained by non-linear
regression of the measured data. Since the other parameters
are known, the constant a yields the diffusion coefficient D,
while b enables q to be estimated. As a check on the
consistency of the experiment, the fitted value of A £ should
also agree closely with the echo amplitude measured in the
+absence of an applied gradient.
t
Other tests which can be applied to check the reliability of
(3.26)
A(2t ) = A^exp(a AV2, + b AV) (3.27)
14,15the data are described in more detail by Harris et at.
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A second method of overcoming the presence of g in an
experiment is to hold the applied field gradient constant
such that g >> g and to vary the t parameter. The a o
diffusion coefficient may then be obtained from equation 
(3.25) by fitting the signal amplitude A as a function of
Q
t . However, in this case the small contribution in the
exponential due to 2t/T2 no longer remains constant and,
therefore, must be taken into account. Rather than include
as a fitted parameter, the echo height is normalized at
each T-setting with respect to the value of Aq measured
when g = 0, i.e.: the echo height is remeasured at the same a
x-value in the absence of the applied field gradient so that 
the relaxation term can be cancelled. Any residual 
contribution due to gQ is then reduced further by switching 
the current direction in the quadrupole coil, repeating the 
experiment with the applied field gradient reversed and 
averaging-the two results. Unfortunately, one limitation 
which arises in the steady-gradient method is that the signal 
shape, given by equation (3.21), becomes very narrow as g 
is increased. Consequently, if the field gradient is set 
too high during the experiment the low-pass filter, designed 
to remove spurious noise from the received signal, also 
attenuates the spin-echo. Generally, a compromise between 
the gradient and the filter level must be obtained so as to 
provide reasonable noise suppression without unduly affecting 
the spin-echo amplitude.
Another source of instrumental error which affects the 
measurement of the echo height is the non-linear response of 
the detector, mentioned in the preceding section. A 
convenient way of minimizing this error, however, is to 
calibrate the detection system with a known input signal.
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For this purpose the rf probe was uncoupled from the 
spectrometer preamplifier and a Wavetek (Beech Grove,
Indiana, USA) 3000 series signal generator connected in 
its place. The Wavetek instrument provided a regulated 
signal output and the frequency could be adjusted to 
closely match the resonance frequency of the sample.
By using a step attenuator, the input signal to the 
preamplifier was then adjusted to cover the range of signal 
levels normally obtained from the probe. Periodic 
calibrations were carried out to eliminate the effect of 
any drift in the system and were always repeated if the 
detection circuit was disturbed in any way. A typical 
calibration curve is shown in figure 3.9. The non-linear 
region of the curve was avoided, as far as possible, by the 
use of interchangeable attenuators coupled between the 
signal preamplifier and the diode detector, as shown in 
figure 3.5. After correction for the non-linearity in the 
receiver system, the response of the echo amplitude A showed 
good agreement with equations (3.25) and (3.27). As an 
illustration, the results from two typical experiments are 
given in figures 3.10a and 3.10b.
In this work both the 'constant-^' and 'constant-x' 
techniques described above were employed to make self­
diffusion measurements. The limits of the x and ga
parameters were chosen in each experiment so as to ensure
the smallest echo signal received was still well above the
noise in the detection system, while the maximum signal
level was limited by the attenuator described in the
preceding paragraph. The upper limit of g was also chosena
<
|o
<
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Figure 3.9 T y p ica l  c a l i b r a t i o n  cu rve  o b ta in e d  f o r  th e  
M inispec P20 p r e a m p l i f i e r /d io d e  d e t e c t o r  system . 
During d i f f u s i o n  measurements in p u t  l e v e l s  were 
co n f in e d  to  th e  more l i n e a r  re g io n  o f  th e  cu rv e ,  
below th e  l e v e l  in d i c a t e d .
I maximum signal level
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Figure 3-10a Data f o r  a ' c o n s t a n t - ^ '  exper im en t  a f t e r  
c o r r e c t i o n  f o r  d e t e c t o r  n o n - l i n e a r i t y . '  
Measurements a r e  f o r  benzene a t  298.2 K and 
0 .1  MPa {D = 2 . 20? x 10"9 m2 s _1) w i th  
ga = 77 mT m_ i . Each p o i n t  shown i s  t h e  mean 
o f  two o r  more measurements.
Figure 3.10 b
c o r r e c t i o n  f o r  d e t e c t o r  n o n - l i n e a r i t y .  R e s u l t s  
a r e  f o r  benzene ,  as  d e s c r i b e d  above,  w i th  
T = 16 ms.  Each p o i n t  shown i s  t h e  mean o f  
two measurements.
_J____________ I___________________ I___________________ 1____________ I
0-5 1-0 1-5 2-0 (AWV)2
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so as to avoid the filtering problems associated with 
extremely narrow echoes. For most experiments the working 
ranges of the x and ya parameters remained relatively 
constant and, consequently, are included here for reference 
in table 3.1. During a diffusion coefficient measurement 
both the constant-^ and constant-x experiments were 
repeated with the applied gradient reversed. The average 
value of the 'forward' and 'reverse' gradient experiments 
was calculated in each case and the averages of the two 
methods were compared. Providing good agreement was 
obtained (ca: ±1 - ±2%), the mean value of all four 
experiments was taken to be the best estimate of the self­
diffusion coefficient.
Nevertheless while all the preceding techniques help 
to minimize the systematic error in the apparatus, the 
overall accuracy of the system still depends on knowing 
the magnetic field gradient across the sample. As mentioned 
earlier, the field gradient can be calculated from 
theoretical considerations of the coil shape or, as is more 
commonly done, by measuring the shape of the free induction
Table 3.1 Working Ranges of Parameters used in NMR Experiments.
Experiment Fixed parameter 
tvalue:
' Constant-^-' a ^ 80 mT m"^ y a
' Constant-x' x  ^16 ms
Variable parameter 
range:
3  ^ x/ms  ^ 20
5 $ g /mT m  ^  ^ 90 a
fTypical value only; this parameter was chosen to allow the 
widest possible range for the variable parameter in the 
experiment.
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decay. However, unless great care is taken, both these 
techniques can lead to a considerable error and a more * 
convenient method is to calibrate the coil using a liquid 
for which the diffusion coefficient is accurately known.
This technique yields the coil calibration factor in 
equation (3.26) directly, but a careful choice of the 
calibrating fluid is necessary, since the calculated value
of k and, ultimately, the measured results, will depend
G
on the reliability of the calibrating data. The results of
24 25Mills and co-workers for benzene and water are 
sufficiently accurate (±0.2%) for this purpose and, by 
virtue of their proton densities, both liquids are 
particularly suited to calibration of the present apparatus.
In experimental terms, the calibration procedure for 
the instrument does not differ significantly from a normal 
diffusion coefficient measurement; it is only after the 
curve-fitting of the experimental data that the different 
parameters are derived from the regression coefficients.
The gradient coils used in this work were both calibrated 
originally with water and benzene and the agreement between 
the reference liquids was usually within ±0.5%. Recalibration 
of the coils was again carried out during this work and these 
results, along with a number of other cross-checks on the 
system, are described in Chapter Four.
3.6 Errors in the technique
Finally, it remains to assess some of the more likely 
errors which might still be introduced into the measurements 
by the technique just described. We shall exclude, for the
78
present, any consideration of factors such as temperature - 
control or measurement and calibration errors, since these 
would appear to be more relevant in the context of a
26discussion of the experimental results. However, Murday 
has investigated a number of the instrumental difficulties 
which can affect the signal shape in pulsed experiments 
and which are important, therefore, in the self-diffusion 
measurements. Several of these factors have already been 
discussed in the preceding sections, but there are some 
additional errors, arising in association with the rf pulses 
and the main field stability, which need further consideration.
Firstly, in experiments involving 90°, t , 180° pulse 
sequences-,— not only it is necessary to ensure that the pulse
ilengths are correctly adjusted to maximize the received signal,
but also that the field from them is homogeneous across the 
---  20sample. Farrer and Becker suggest a simple method for 
checking the rf homogeneity by using two 180°, t , 90° pulse 
sequences such that for (i): t << T  ^ and for (ii): t >> .
The two free induction decays should be of equal amplitude, 
but of opposite sign and they should be symmetric with 
respect to one another. Using a storage oscilloscope and 
phase sensitive detection, this test was applied during these 
experiments whenever there appeared to be an uncertainty in 
the received signal. In general, no inhomogeneity was ever
tThe pulse lengths, themselves, do not affect the result in 
diffusion measurements (see Appendix 3).
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observed providing the sample had been correctly positioned 
initially. It can be seen from the present coil design," 
shown in figure 3.6, that as long as the sample length is not 
too large, its position will remain well defined within the 
rf coil.
Adjustment of the rf pulse width was always checked at 
the beginning of each experiment. Unfortunately, for the 
Minispec P20, the pulse widths for the 90° and 180° pulses 
could not be adjusted independently. The procedure was, 
therefore, to adjust the rf width so as to maximize the free 
induction decay amplitude following a 90° pulse. The pulse 
program was then changed to give an initial 180° pulse and the 
receiver level was checked to see that there was no 
significant induced signal following after it. If the rf 
homogeneity in the sample region was good, then this method 
resulted in both pulse widths being set satisfactorily.
For this work, a 90° pulse was typically 5-7 ys long (see 
section 3.3).
A further requirement of the system is that the pulse is 
capable of rotating all the nuclear moments in the presence 
of the field gradient. From table 3.1, it can be seen that 
the maximum field gradient never exceeded 100 mT m-1, so that, 
across a 5 mm sample, the field changed by no more than 0.5 mT. 
It follows, from equation (3.16), that:
yAS
Av (3.28)
which, for hydrogen nuclei, corresponds to: vQ ± 2 x 10 Hz. 
However, from a rapidly switched pulse, the sample will
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r<eceive Fourier components approximately in the range: 20
vo (3.29)
wlhere At is again the length of the pulse. From the pulse P 5
times given above, equation (3.29) gives: vq ± 2 x 10 Hz, 
so that the necessary range of frequencies is available to 
tlhe sample.
One other consideration, in regard to pulsed experiments, 
i:s the stability of the main static field. If the value 
clhanges during a pulse sequence, then this will result in some 
additional dephasing of the nuclear moments and the effect 
will not be recovered in the spin-echo. Consequently, since 
tlhe magnet used in these experiments was not provided with a 
f:ield-locking facility, it was necessary to continually 
clheck the resonance condition. This was done regularly, before, 
diuring, and after each experiment, using the phase sensitive 
dcetector of the P20 spectrometer. Providing the magnet had 
bceen switched on and allowed to stabilise for one to two hours 
bcefore experiments began, the drift in the field usually
7corresponded to only a few parts in 10 of the resonance 
frequency, over the period of an experiment.
A final comment is necessary in regard to the calibration 
procedure used to correct for the non-linearity in the 
detection system. Even when a constant-input source (in the 
form of the Wavetek signal generator) is provided, the noise 
imherent in the system tended to make the lower region of the 
calibration curve more uncertain. The constant-x and constant 
-eg experiments exhibited slightly different dependencies on 
tlhe form of the calibration curve and hence, the resulting
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diffusion coefficients varied according to which calibration 
curve was used. The most consistent procedure was found to 
be to measure the detector response regularly and to 
calculate the diffusion coefficients using all the available 
calibrations for a given set of experiments. In general, 
each experimental result would be consistent within ±0.2% 
for most of the calibrations, however, an occasional variation 
of up to 0.5% was obtained. The outlying calibration could 
then be eliminated by this technique and the results were 
calculated from the consistent set. While this procedure 
did not, necessarily, increase the experimental accuracy, 
it resulted in a considerable improvement in the relative 
precision of experimental measurements made over a period 
of several days.
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CHAPTER FOUR
RESULTS FOR APPARATUS CALIBRATIONS AND DIFFUSION MEASUREMENTS 
4.1 Introduction
In this chapter tabulations of all the self- and tracer 
diffusion measurements carried out during the course of this 
work are presented. Information regarding the sources
and purities of the chemicals which were used is 
included, as well as a number of calibration results for the 
NMR and high-pressure diaphragm cells. Wherever possible, 
these calibrations are compared with earlier results 
and, in a number of cases, self-diffusion measurements obtained 
for the same substance using both techniques are 
included together for comparison. Each set of results is then 
plotted as a function of pressure and, where high-pressure 
compression data could be obtained, as a function of the 
molar volume for the bulk liquid. A discussion of the 
density and compressibility data used to obtain these molar 
volumes is given in section 4.4. Also, since acetonitrile 
freezes at temperatures and pressures within the working 
range of the apparatuses, it was necessary to determine its 
freezing curve up to the pressure limit of the available 
equipment, by using a compression technique described in 
section 4.5. Finally, following the tabulations of results in 
section 4.6, an overall assessment of the errors inherent 
in the reported measurements has been given as a guide to 
their reliability.
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4.2 Calibration results: the pressure cell diaphragms
Although a tracer diffusion experiment represents the
most convenient method for calibrating the diaphragm
sections of the high-pressure cells, it has been pointed
out already in the preceding chapters, that there is only a
relatively small number of pure liquids for which the
diffusion coefficients are known with sufficient accuracy
for this purpose. In the measurements undertaken during
this work, calibrations of the diaphragm sections were
carried out exclusively with benzene/ although data of
comparable accuracy are also available for carbon 
1 2tetrachloride and water. The choice of benzene as the
calibrating fluid was, in this case, merely one of
experimental convenience, because of its particular
suitability to liquid scintillation counting. Water has
only limited miscibility with common scintillation solutions,
such as those described in section 2.5, while carbon
tetrachloride ’quenches' heavily in the normal scintillation
region of the spectrum. Both these difficulties require
careful matching of the counting solutions and, in the case
of carbon tetrachloride, a much-increased activity level
for the tracer. Even so, these two liquids have been used
3 4satisfactorily as calibrating liquids in earlier work. * 
Benzene, however, has neither of these limitations and only 
relatively small amounts of radioactive tracer need be 
employed to obtain adequate counting levels.
The benzene used during the course of these experiments 
came from a number of suppliers, but, in all cases, was of 
Analytical Reagent grade or better. Each sample was
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thoroughly dried before use and stored over 4A molecular
sieves. The tracer solutions were freshly prepared (see
section 2.5) before each calibration series, using
14uniformly-labelled C benzene samples obtained from The 
Radiochemical Centre (Amersham, U.K.). Calibration of 
each diaphragm was then carried out using both the cell 
assemblies available during this work. The results of 
these calibrations are summarized in table 4.1 and indicate 
that the diaphragm sections can be interchanged between the 
cells with consistency.
A further indication of the reliability of the 
diaphragm calibrations can be obtained by considering the 
effect of continued use upon the diaphragm a ll value. In 
the pressure cells the stirrer blades do not contact the 
diaphragm surface so that, in principle, the calibration 
values should show no sign of any ageing effect. For the 
sinter sections designated #1 and #2, there are earlier 
calibrations available which enable a comparison to be made. 
In both cases the mean value has shifted by less than 0.5% 
(see table 4.1), which is consistent with normal experimental 
scatter and some changes in the operating technique. For 
the sinter designated #3, no earlier calibrations were 
available and it can be seen that there is a sharp jump in 
the a It value. This change occurred when a damaged stirrer 
assembly burred the surface of the stainless steel sinter 
and it was necessary to use an acidic cleaning solution to 
re-open the diaphragm pores, thus increasing the A/I value
•j*The use of older solutions (12 months or more) sometimes 
led to spurious, low results. This effect was attributed to 
a build-up in concentration of non-volatile, labelled 
impurities as the tracer solution evaporated.
Table 4.1 Pressure Gell Diaphragm Calibrations. t
All the calibrations given below have been carried.out 
with benzene using the diffusion coefficients tabulated in 
table 4.2. The cell and sinter designations correspond to 
those used in Appendix 2 where the associated cell volumes
7t , 7ß and
Sinter #1:
Sinter #2:
Sinter #3:
7q are summarized.
Date Cell T/K (A / 1) / cm.
— 298.15 2.18ntt
Jun-77 B 298.15 2.17^
Jul-77 A 298.15 2.15'
2  • 1 7 qJul-77 A 298.15
Mar-79 B 313.15 2.16“
mean value: 2 .I6 9
298.15 0.952 ft
Jun-77 A 298.15 0.943c
Jun-77 A 298.15 0.951?
Jul-77 B 298.15 O.945;:
Oct-77 A 298.15 0.950o 0.952®Mar-79 A 313.15
mean value: 0.9494
Sep-76 B 298.15 1.24
Sep-76 B 298.15 1.231
Sep-76 B 298.15 1.23?
May-77 B 298.15 1 • 2 3q1 • 24qJun-77 B 298.15
Jul-77 A 298.15 1.24^
Jul-77 A 298.15 1.24®
Jul-77 B 298.15 1'23g
mean value: 1 ‘ 2 ^ 0
Feb-79 A 313.15 1.37
Mar-79 B 313.15 1.37'
Mar-79 B 313.15 1-308
mean value: 1.372
Summarized from data in table 1 of Appendix Q.
1975 value; mean of several earlier calibrations using 
tritiated water (HTO) tracer in pure water.
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considerably. Prior to this damage occurring, however, the 
calibration value of this diaphragm also remained constant.
4.3 Calibration results: NMR gradient coils
The calibration procedure for the NMR coils has already 
been discussed briefly in section 3.5. In principle, the 
technique used for calibration of the atmospheric pressure 
gradient coil does not differ appreciably from that employed 
for the high-pressure assembly. However, because of 
differences in the experimental configuration of the coils 
and in the parameters affecting their performance, it is more 
convenient at this stage to discuss the calibration of these 
two systems separately. Both assemblies had been calibrated 
and used for diffusion measurements prior to this work, so 
that the results reported below constitute only a verification 
of the original calibrations in each case.
(i) The atmospheric pressure gradient coil
Earlier calibrations of this coil indicated that the 
calibration factor, k , had a slight linear dependence on 
temperature. The coil was recalibrated over the temperature 
range in which accurate data are available,with water and, 
at a later date, with benzene, using the diffusion coefficients 
given in table 4.2. The results obtained were found to be 
generally within ±0.25% of the accepted calibration curve and 
are summarized in table 4.3.
Nevertheless during the course of experiments, it was 
considered useful to extend the operating range of this 
coil beyond the temperature limits of the calibrations, in 
order to make some comparisons with results obtained from
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Table 4.2 Values of the Diffusion Coefficients of Benzene
2and Water at Atmospheric Pressure used for 
Calibrations.
r/K 274.15 283.15 298.15 313.15
109D(T, 0.10 MPa)/m2 s"1
h2° 1'149 1.534+ 2.29g 3.23y+
C6H6 - 2.20? 2.80j +
+ Interpolated value.
the high-pressure coil assembly. In view of the general 
reproducibility of the calibration points, a linear 
extrapolation of the calibration curve down to 268 K, and also 
up to 328 K, would appear to be justifiable and was, therefore, 
used for a number of measurements. The extent of this 
extrapolation can be gauged from figure 4.1. Based on the data 
shown in this diagram, the overall accuracy and reproducibility 
of the coil calibration factor is considered to be at least 
±0.5% or better, within the temperature limits illustrated.
(ii) The high-pressure gradient coil
Unlike the atmospheric pressure gradient coil, previous 
calibrations of the high-pressure assembly indicated that there 
was no measurable temperature dependence of the coil 
calibration factor. Calibrations using both benzene and water 
agreed over the temperature range of the data to within ±0.5% 
at atmospheric pressure. Unfortunately though, there is no 
diffusion data of sufficient accuracy at elevated pressures to 
enable the calibration of the coil to be continued over any 
significant pressure range. In a high-pressure experiment,
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Table 4.3 Calibration of the Atmospheric Pressure 
Gradient Coil
The gradient coil factor, k , was redetermined by calibration 
using both benzene and water (see text). The values are 
compared with the accepted calibration curve for this coil, 
given by the equation:
k*/T m-1 A-1 = 0.5022 - 1.777 x 10-4 (T/K)
g
T / K Calibrating
liquid
K*
g
K
g
T m-1 A-1 T m 1 A 1
298.16 h20 0.4492 0.4501 “
283.16 h2° 0.4519 0.4512
274.16 h2° 0.4535 0.4543 Nov-Dec 1977
313.17 h2° 0.4465 0.4476
298.16 h2° 0.4492 0.4505 J
298.16 CfiH6 0.4492 0.4512 -
298.14
o o 
C6H6 0.4492 0.4508 -
j Mar-Apr 1979
Figure 4-1 Temperature dependence of the coil factor Kg for 
the atmospheric pressure gradient coil, showing 
extrapolated region.
Ttn"A'
0.448
Recalibration points.
0.444 Accepted calibration curve.
Extrapolated intervals for k .
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however, the coil is subjected to considerable stress and 
it is important to determine whether the geometry of the 
coil changes (and thereby the gradient calibration) with 
variations in the applied pressure.
One technique which can be used to investigate the 
effect of stress on the coil is to observe the shape of 
the spin-echo signal received from a sample within the coil 
as the pressure is varied. By inspection of equation (3.21), 
it can be seen that the shape of the received signal envelope 
will be governed by the first-order Bessel function 
J^(iygdt). Clearly, while the amplitude of the signal will 
change as the density of the sample varies with temperature 
or pressure, the overall shape of the signal envelope is 
completely defined by the Bessel function and can only change 
if g or d varies. With d (the diameter of the sample ) 
essentially constant, any variation in the gradient g with 
temperature or pressure will be reflected directly in the 
signal shape and can be observed by a change in the relative
+positions of the maxima, minima, and zeroes of the spin-echo. 
To observe the spin-echo, the received signal was stored in a 
signal averager so that various points on the echo envelope 
could be located precisely. The positions of these points 
were noted for a fixed set of voltages applied to the gradient 
coil and the procedure was then repeated using a number of 
pressures up to 220 MPa at three widely-separated temperatures 
(233 K, 273 K, 313 K). More details of the method are given 
in Appendix 4, together with some representative data for the
tThe spin-echo envelope has the same functional form as the
free induction decay.
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experiments. However, it will suffice for the purpose at 
hand to note, only, that no measurable effect on the gradient 
was observed over the temperature and pressure range 
investigated.
One difficulty associated with the method just described 
is that for large applied gradients, where the test is most 
sensitive, the spin-echo envelope is extremely narrow and 
the resolution of the signal averager becomes a limiting 
factor. A more conclusive test is to compare the NMR results, 
over a wide pressure range, with measurements obtained from 
other techniques. This was possible in this work by 
comparing the self-diffusion measurements for acetonitrile 
at 298 K, derived from the high-pressure diaphragm cell 
experiments, with those obtained from the NMR technique.
The diaphragm cell experiments have a quoted accuracy of ±2% 
(see section 4.7) which is not sufficient to provide a good 
calibration of the NMR coil, but does at least enable a good 
cross-check to be obtained between the two methods. The 
results are presented in section 4.6, but inspection of 
figure 4.4 shows immediately the close agreement between the 
two sets of measurements over the available pressure range.
Towards the end of this work, while measuring the 
diffusion coefficient of deuteromethanol at 328 K, the 
gradient coil was found to have expanded and jammed inside 
the pressure vessel. The actual cause of the failure is 
unknown, but it is thought that a small crack developed in 
the coil former due to additional strain at the elevated 
temperature. Recalibration of the gradient coil with 
benzene yielded a calibration factor which was approximately
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2.5% lower than the original value, as shown below:
Earlier calibrations: k
Recalibration #1:
Recalibration #2: K
K
9
g
g
= 0.4904 T rrf1 A-1 
= 0.489q T m“1 A-1 
= 0.502q T m"1 A"1
The decrease in the value of k is consistent with an increase
in the internal diameter of the coil former, but the exact 
time at which the failure occurred is not clear from the results. 
Consequently, the experiments on deuteromethanol at 328 K and 
343 K have a somewhat larger uncertainty associated with them 
than the earlier measurements. This point is discussed again 
in section 4.7.
4.4 Density and compression data
Certainly one of the most important requirements for the 
correct operation of the high-pressure diaphragm cell is to 
have reliable and accurate compression data available for 
the liquid under study. This is particularly the case with 
highly compressible liquids in order that the errors 
associated with the bulk-flow correction are minimized. 
Furthermore, in most of the more recent theoretical treatments 
of transport properties in dense fluids, the interpretation 
of the data usually requires at least some knowledge of the 
molar volume of the liquid. To these ends density and 
compression results for the liquids studied in this work, 
namely: acetonitrile, methanol and deuteromethanol, were 
compiled from a number of sources. Deuteromethanol (CH^OD) 
presents a special case in that only one extensive study has 
been made of its density as a function of temperature and
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pressure, so that a discussion of these results will be 
given separately. However, even for liquids such as 
acetonitrile (CH3CN) and methanol (CH3OH), which have both 
been the subject of a number of experimental studies, the 
high-pressure density data is surprisingly limited and in 
each case it was necessary to undertake some extrapolation 
of the available measurements.
(i) Acetonitrile and methanol.
Unlike the high-pressure values discussed below, there 
has been a large number of density measurements made for 
both these liquids at atmospheric pressure, ranging from 
near their melting points, up to their normal boiling 
temperatures. Much of this data may be obtained directly 
from Timmermans' compilation although, to cover the full 
temperature range, a number of additional references must 
be consulted. Both sets of density data can be well 
represented over the normal liquid range by the following 
quadratic functions:
p(CH3OH, O.Iq MPa)/g cm-3 =
1.07223 - 9.67831 x IO“4 (T/K) + 3.2434? x 10“8 (T/K)2, 
(183 K < T 4 333 K).
p(CH3CN, 0.1q MPa)/g cm"3 =
1.07382 - 9.12501 x 10"4 (T/K) - 2.8185g x 10"7 (T/K)2, 
(228 K < T < 338 K).
Here the maximum deviation of the equations from the data is
_ 3less than 0.05% (±0.0003 g cm ), and is considered to be 
mainly experimental scatter. For completeness, however, the 
full compilations of the density measurements from which the
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equations were derived, are given in Appendix 5.
Unfortunately, the high-pressure data currently available 
for these two liquids are over a much more limited temperature 
range and full advantage cannot be taken of the above 
equations.
In the case of methanol, the most extensive measurements
0of its p V T behaviour remain those of Bridgman. His results 
cover the temperature range from 293 K up to 353 K in 10 K 
intervals and he attained pressures approaching 1200 MPa for 
each isotherm. Nevertheless his values have been presented 
in the form of smoothed tabulations, so that the 
reproducibility of the measurements can only be gauged by 
Bridgman's own assessment of ±0.15% mean deviation between 
two separate determinations. A more informative test of the 
data would be to compare the results with those of other 
workers, but, unfortunately, there are no recent compression 
measurements readily available for methanol over the pressure 
range required. However, during the same series of 
experiments Bridgman also measured the compression of 
carbon disulphide, for which more recent and accurate results
7are now available. Interpolation (and some extrapolation; 
see below) of Bridgman's reported values for this material 
gave excellent agreement with the more recent work - well 
within ±0.25% over the comparable range. Although this 
comparison is by no means conclusive for methanol, it at 
least indicates the accuracy Bridgman should have achieved 
during the course of his experiments.
High-pressure p V T measurements for acetonitrile have
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9 tbeen reported by Srinivasan and Kay. ’ Their results are 
available at three temperatures (283.2 K, 298.2 K, and •
313.2 K) and extend to pressures approaching 300 MPa 
although, again, the values are only presented in the form 
of smoothed tabulations obtained from a fitted Tait 
equation. Nevertheless these authors checked the 
reliability of their results by measuring the density of 
water with their apparatus and comparing it to the more 
precise measurements of other workers.^ The overall 
reproducibility obtained in this test was ±0.04% and the 
estimated error in the acetonitrile results was taken to be 
±0.05%. More recent work,*'*' however, indicates the 
uncertainty might be closer to ±0.2%
Neither the p V T measurements for methanol, nor those 
reported for acetonitrile, extend to the full temperature 
range in which diffusion coefficients were measured during 
this work. Consequently, for the'purposes of theoretical 
interpretation, it was necessary to extrapolate the 
available p V T results for some temperatures. Fortunately, 
the molar volumes of these liquids were found to be close to 
a linear function of temperature in the pressure range 
studied, so that an extrapolation over a small temperature 
interval was relatively straightforward. In each case the 
p V T data given in the literature were converted to 
molar volumes and then fitted as a function of temperature 
at a number of fixed pressures, which were uniformly spaced 
over the available pressure range of the original measurements.
t 8Results have also been reported by Francesconi et at. , but
their measurements are for an elevated temperature range (up
to 673 K) and do not extend into the lower temperature region
of interest in this work.
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The volumes were fitted both as a linear and as a quadratic 
function in T and the extrapolated values at the required 
temperatures were calculated from each of these functions.
The arithmetic mean of the two values was then taken as the 
best estimate of the extrapolated point.
For acetonitrile, an extrapolation was undertaken at 
each tabulated pressure down to 268 K and also up to 328 K - 
a range of 15 K beyond the original data in each case. The 
quadratic curves yielded slightly higher values at both 
temperatures than the linear extrapolations,. but the resulting 
uncertainty of the estimated molar volumes was considered to 
be better than ±0.5%. It should be noted, however, that 
these extrapolated volumes were only used to obtain additional 
isothermal curves in figure 4.5 and also to extend the range 
of the interpretation of the diffusion measurements given in 
Chapter Five; none of the extrapolated points were used to 
calculate diffusion coefficients in pressure cell experiments.
In the case of Bridgman's results for methanol, the 
lowest temperature reported in the tabulations was 293 K. 
Extrapolation was again undertaken down to 283 K and 268 K 
using the method described above. For the linear extrapolations 
only the lower temperatures in Bridgman's tabulated data were 
used, while the quadratic curves were fitted over the full 
data set. Agreement between the extrapolated values at 283 K 
was better than ±0.1% and only slightly worse at 268 K. The 
quadratic functions in T reproduced the molar volumes at each 
pressure extremely well, so that they were also used for 
interpolation to 298 K and 328 K. The final sets of molar 
volumes (including the extrapolated values) were then 
represented as functions in T and p using the equation and
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coefficients given in table 4.4.
(ii) Deuteromethanol
12Jonas and Akai have reported densities for deuteromethanol
over a wide range of temperatures and pressures during the
course of a study of its dense fluid behaviour (see section
5.1). Their results are not as accurate as those available
for methanol and acetonitrile, but extend from 223 K up to
323 K and to pressures as high as 490 MPa. Only one other
measurement of the density of deuteromethanol appears in the
literature and is a single value reported at 293 K and at
13atmospheric pressure by Staveley and Gupta. Interpolation 
of the results of Jonas and Akai to this point, however, gives 
reasonable agreement (0.22%) between the respective measurements. 
Unfortunately, no other comparisons of their density values can 
be made, but the results cover an extensive range of 
temperatures so that no extrapolations of the data were 
necessary. As in the case of methanol and acetonitrile, the 
densities for deuteromethanol have been converted to molar 
volumes and then represented by the equation and coefficients 
given in table 4.4.
4.5 Determination of freezing pressures for acetonitrile 
One of the potential sources of serious damage to the 
high-pressure diaphragm cells is to allow the liquid within 
the cell to freeze under compression. Not only is there a 
likelihood of tearing the bellows of the bottom compartment, 
but also the pores of the diaphragm sinter can be damaged by 
the solidification of liquid inside them. Similar, although 
less serious difficulties arise in high-pressure NMR
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experiments, where freezing can cause fracture of the 
sample tube within the coil assembly. With methanol (and 
deuteromethanol) the freezing curve in the temperature 
range covered in this work was well beyond the upper 
pressure limit of the experiments. For acetonitrile, however, 
the normal melting point of the solid is at 229.3 K and 
consequently, at some of the lower temperatures studied, the 
freezing curve will be within the pressure range of the 
equipment.
The apparatus used to determine the freezing pressure 
curve is shown schematically in figure 4.2a. It consists of 
a length of small-bore (0.5 mm i.d.) pressure tubing wound as
a loop inside a sealed thermostat bath (Lauda (Germany) UK-80 
DW Ultrakryostat) which is connected between a pressure 
gauge (I) at one end, and a bellows reservoir at the other. 
This reservoir is contained within its own pressure vessel 
and is shown enlarged in figure 4.2b.
To measure the freezing pressure of a liquid, the 
bellows section, the coil of pressure tubing, and the Bourdon 
tube of the gauge are all filled with the material under 
study. The whole assembly is then pressurized via the 
flexible metal bellows using a suitable hydraulic pump. With 
the thermostat bath set at the required temperature, the 
pressure in the system is slowly raised until the reading on 
the pressure gauge (1) stops increasing. Providing the 
pressure has been increased slowly in the vicinity of the 
freezing point, this reading will represent the freezing 
pressure of the liquid in the thermostatted loop. In 
practice, the pressure is released and the experiment
131
pressure pressure
gauge (II) gauge (|)
bellows reservoir 
& pressure vessel
pressure pump
Pt resistance 
thermometer
thermostat
bath
freezing
Figure 4-2a Schematic r e p r e s e n t a t i o n  o f  f r e e z in g  p re s su re  a p p a r a tu s .
o-ring seal
metal
bellowsseal supportcap nut
outlet to 
coil & gauge
closure plug
support
stand- "
pressure vessel
mm
Figure 4.2b C ro s s - s e c t io n a l  view o f  bel lows r e s e r v o i r  
and p re s su re  v e s s e l .
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repeated several times in order to locate the freezing region 
before determining the freezing pressure precisely. It- was 
also found to be convenient to connect a second pressure 
gauge (II) into the system, near the pump, as shown in the 
figure. Comparison of the two gauges during a compression 
stroke made the point at which the first gauge reading 
stopped increasing more apparent. If the system was 
sufficiently over-pressurized, the solidified material 
inside the freezing coil could be 'pushed' through the loop 
and an artificially high reading obtained.
The acetonitrile sample employed in these experiments 
was the same as that used for diffusion measurements and is 
described in the following section. It was partially 
de-gassed before use by boiling vigorously under reduced 
pressure and was then run immediately into the bellows 
reservoir. After re-connecting the freezing coil, a small 
amount of liquid was displaced from the bellows into the 
pressure tubing loop and through the gauge. After ensuring 
all the air had been displaced from the system, the bleed- 
hole of the gauge was closed and the freezing coil was 
mounted in the thermostat bath.
The freezing pressures of acetonitrile were determined 
at the four lowest temperatures at which diffusion 
measurements were to be made with it during this work. Each 
point was determined several times and the average results 
are presented in table 4.5. Also included in the table are 
some measurements due to Landau and Wurflinger,* which have 
recently become available. These authors obtained their 
results by a decompression technique and observed the solid- 
to-liquid phase transition for their sample. It can be seen
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from the table that the measurements at each temperature 
are widely separated, although the maximum error in either 
set of pressure values would be less than ±5 MPa. A 
further comparison of the results is also shown in figure 4.3.
Table 4.5 Freezing and Melting Pressures for Acetonitrile.
Uncertainty in tabulated pressures is less than ±5 MPa.
T/K
Freezing Pressure 
p(1+s)/MPa
Melting Pressure 
p(s+1)/MPa.
233 49 15
243 96 65
253 158 116
263 209 167
273 _ 222
+ Estimated graphically from results of Landau and 
Wiirf linger.
14Michel and Lippert have recently discussed the liquid- 
to-solid phase transition of acetonitrile at atmospheric 
pressure and concluded that significant 'under-cooling' was 
necessary for freezing to occur. The results shown in 
figure 4.3 would indicate that this phenomenon is still 
dominant even at considerably elevated pressures. The high- 
pressure melting curve extrapolated to atmospheric pressure 
is consistent with the normally accepted melting point of 
acetonitrile, while the freezing curve extrapolates to a 
point approximately 6 K below this value. This difference 
is very similar to that observed spectroscopically by Michel 
and Lippert. Finally, the crosses marked on figure 4.3
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Figure 4-3 F reez in g  p r e s s u r e s  p ( l  -► s)  and m e l t ing  p r e s s u r e s  
p ( s  -► 1) as a f u n c t i o n  o f  t e m p e ra tu r e  T f o r  
A c e t o n i t r i l e .  Var ious  p , T  p o i n t s  a t  which s e l f ­
d i f f u s i o n  measurements were made a r e  a l s o  shown.
pC1 s ) ; t h i s  work.
s e l f - d i f f u s i o n  measurements .
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indicate p,T points at which diffusion measurements have 
been carried out on acetonitrile. None of these values, 
shows any inconsistency with results obtained at lower 
pressures (see figure 4.4). Since the sample would have 
resided in the NMR apparatus in these p,T regions for many 
hours, it would appear that the liquid-to-solid transition 
is not a time dependent process, but is induced only by 
'under-cooling' or 'over-pressurizing' of the liquid.
4.6 Self- and tracer diffusion measurements
In this section the results for the self-diffusion 
measurements in acetonitrile, deuteromethanol and methanol 
are tabulated, as well as measurements for the tracer 
diffusion of acetonitrile in methanol and methanol in 
acetonitrile. In general, the experimental methods follow 
the procedures outlined for the high-pressure diaphragm 
cells in Chapter Two and the NMR in Chapter Three. Sources 
of chemicals are given below and some aspects of the 
experiments relating to specific sets of measurements are
discussed. In all the tracer experiments the radiochemicals
14 14 14were C-labelled compounds ( CHgCN and CHgOH) obtained
from The Radiochemical Centre (Amersham, U.K.).
(i) Self-diffusion: acetonitrile, CH^CN M/g mol-'*' = 41.05^,
(Table 4.6)
The majority of the diffusion measurements for this 
liquid were carried out using the NMR technique, although 
the results for one isotherm (298.2 K) were cross-checked 
using the high-pressure diaphragm cells (designated h.p.d.c. 
expts. in the table). Two sources of reagent were used in
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these measurements:
(a) Koch-Light Laboratories Ltd. (Colnbrook, Bucks,
U.K.) puriss grade, 99.9% g.l.c.
(b) Ajax Chemicals (Divn. Searle Australia Pty. Ltd., 
Auburn, N.S.W.) Univar grade, non-aqueous 
impurities < 0.06%.
For the pressure cell experiments samples of (a) were used
without further purification, while in the NMR measurements
at atmospheric pressure, a sample of (a) was redistilled
over calcium hydride and fractionated through a short column.
A small middle fraction was taken for the experiments and
had a boiling range of 354.7 K - 354.8 K (corrected to
15101 kPa; literature value = 354.8 K). The remaining high- 
pressure NMR experiments were undertaken with a sample of 
(b) dried over 4A molecular sieves. This material was not 
redistilled and also served for the freezing pressure 
measurements described in the preceding section.
(ii) Self-diffusion: deuteromethanol, CHgOD M/g mol-1 = 33.04^ , 
(Table 4.7)
Virtually all the diffusion measurements for this liquid 
were carried out using the NMR technique. Because of the 
volume of liquid required, only one cross-check was carried 
out with the pressure cells at 298.2 K and at atmospheric 
pressure. The deuteromethanol was obtained from the 
'Service des Molecules Marquees' (France) and came sealed in 
glass phials under argon. These samples were used without 
further purification and, as an added precaution, the NMR 
sample was perodically renewed.
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(iii) Self-diffusion: methanol, CHgOH Mfg mol 1 = 32.042» 
(Table 4.8)
The echo modulation which arises from proton-coupling
16in anhydrous methanol1 complicates any attempt at 
measurement of the self-diffusion coefficients using the 
NMR technique. Consequently, most of the measurements 
reported here for methanol have been carried out with the 
pressure cells, although a few results obtained with the 
NMR spectrometer at atmospheric pressure are included for 
comparison. The NMR measurements were made using only the 
'constant-T' technique (section 3.5) in which the spin-echo 
modulation should have a minimal effect. These values are 
marked appropriately in the table.
In the literature there are large discrepancies between 
the various sets of values reported for the self-diffusion 
of methanol (see section 5.1) and, therefore, several 
samples of differing chemical purity were investigated in 
this work. The sources of material used for the comparison 
are given below:
(a) Koch-Light Laboratories Ltd., (Colnbrook, Bucks, U.K.), 
puriss A.R. grade, 99.9% g.l.c.
(b) May & Baker Ltd., (Dagenham, Essex, U.K.) anhydrous 
methanol (Karl Fischer reagent), water < 0.01%.
(c) E Merck, (Darmstadt, G.E.R.) methanol G.R., > 99.5% 
g.l.c.
In sample (a) the only serious contamination was due to the 
presence of water, whereas in sample (c) the major impurity 
was known to be ethanol. Unfortunately, for sample (b) the
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dominant impurity could not be identified but, as in sample
(c), was also likely to be ethanol. The NMR experiments
were carried out using only a sample of (a), while the
pressure cell measurements were undertaken with samples
from all three sources. As an additional test to assess
the effect of water on the results, a quantity of (a) was
15redistilled from magnesium activated with iodine and then 
used for a diaphragm cell experiment at 298.2 K and at 
atmospheric pressure. No discrepancies were ever observed, 
however, in any of the experiments with these samples.
(iv) Tracer diffusion:
Acetonitrile in methanol, (^^CH^CN/CH^OH)
Methanol in acetonitrile, (^CHgOH/CHgCN)
(Table 4.9 and Table 4.10)
Since the diffusing species in these experiments was only 
present in minute quantities, all the measurements were 
necessarily carried out radiometrically in the high-pressure 
diaphragm cells. In both series of experiments the 
radiotracers and solvents were taken from the same samples 
as those used in the self-diffusion measurements described 
above.
Finally, all the self- and tracer diffusion coefficients 
presented in the following tables have been fitted as a 
function of temperature and pressure over the range of the 
available results. The equation and associated regression 
coefficients for each set of data are given together for 
convenience in table 4.11.
109
Table 4.6 Self-Diffusion Measurements: ACETONITRILECH^CN
T / K p /MPa 9 2lO^P/m s
238.18 5.8 1.69?
238.21 10.5 i .669
238.18 21.9 X-585
238.12 35.0
1 -M 5238.11 55.1 1 ' 3 6 5
253.21
° - 1 o
2.283
253.16 5.2 2.22y
253.17 13.3 2.132
253.15 40.4 I . 9 I 4
253.15 75.2 1 . 6 6 4
253.17 111.3 1.452
253.16 145.6 1.276
268.17 o . i 0 2.878
268.16 o.i0 2.870268.17 13.9 2.694
268.15 43.4 2.404
268.20 72.8 2.134
268.16 74.5 2.106
268.19 110.2 I . 8 6 9
268.17 163.8 1.56s
268.15 210.9 1.353
283.15 °*10 3.545
283.14 1.2 3.516
283.13 19.7 3.190
283.20 54.8 2.789
283.15 56.0 2.802
283.15 66.5 2.678
283.19 104.4 2 • 33g
283.14 111.3 2.3O4
283.14 165.1 !.938
283.15 235.0 1.604
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T a b l e  4 . 6  C o n t i n u e d
T / K p/MPa 1 0 9 D/m2 s  1
2 9 8 . 1 4 0 . ! 0 4 . 3 1 3
2 9 8 . 1 5 ° - 1 o 4 . 3 4 -  *
2 9 8 . 1 5 0 . ! 0 4 . 3 6 g *
2 9 8 . 1 5 1 6 . 6 4 - 0 3 2 *
2 9 8 . 1 6 3 7 . 5 3 . 6 2 2
2 9 8 . 1 4 6 0 . 9 3 . 2 8 6
2 9 8 . 1 6 9 4 . 8 3 . 0 4 g  *
2 9 8 . 1 6 1 2 0 . 5 2 . 7 3 ,
2 9 8 . 1 5 1 6 3 . 4 2 . 4 4 g  *
2 9 8 . 1 5 1 8 2 . 4 2 . 2 3 g
2 9 8 . 1 7 1 8 6 . 8 2 . 2 3 5
2 9 8 . 1 4 2 4 7 . 0 1 . 9 1 2
2 9 8 . 1 5 2 5 3 . 3 1 . 9 3 4 *
2 9 8 . 1 4 3 0 2 . 1 1 . 6 6 8
h . p . d . c . e x p e r i m e n t
3 1 3 . 2 0 o M O 5 . 0 0 ?
3 1 3 . 1 7 1 3 . 8 4 * 75g
3 1 3 . 2 1 3 3 . 8 4 . 3 6 ?
3 1 3 . 2 4 7 5 . 2 3 " 74 9
3 1 3 . 0 8 1 1 7 . 2 3 . 2 4 7
3 1 3 . 2 6 1 6 1 . 4 2 . 8 7 6
3 1 3 . 2 4 1 9 8 . 8 2 . 5 9 1
3 1 3 . 2 1 2 5 1 . 2 2 . 2 9 2
3 1 3 . 2 2 3 0 3 . 6 2 . 0 3 9
3 2 8 . 1 7 4 . 8 5 . 7 0 5
3 2 8 . 1 7 2 5 . 5 5 . 2 0 g
3 2 8 . 1 7 5 4 . 5 4 . 7 0 4
3 2 8 . 1 5 9 4 . 8 4 - 1 0 6
3 2 8 . 0 9 1 5 0 . 0 3 . 4 5 2
3 2 8 . 1 4 2 3 0 . 1 2 • 8 3 5
3 2 8 . 1 7 3 0 1 . 2 2 • 4 3 8
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Table 4.6 Continued
T/K p/MPa 9 210yP/m s
343.14 7.1 6.634
343.17 27.4 5.999
343.21 61.8 5.291
343.19 108.5 4.511
343.14 175.3
i o^00CO
343.14 302.5 2.794
112
50 100 150 200
113
Figure 4-5 Self-diffusion coefficient D of Acetonitrile (CH3CN) 
plotted as a function of molar volume Vm , at * P 
temperatures for which Vm could be obtained /
reliably. /7 /328*2 K
NMR expt.
h .p.d.c . expt.
283-2 K
268-2K
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Table 4.7 Self-Diffusion Measurements: DEUTEROMETHANOL, CHgOD
T/K p /MPa 109 P/m2s 1
214.27 3.6 0.3004
214.27 15.5 0.286g
214.27 30.8 0.2662
214.26 66.0 0.2325
214.26 110.4 0.1952
214.23 164.3 0 .160x
214.29 229.7 0.1264
233.18 6.0 0.5262
233.14 33.3 0.475 q
233.14 65.3 0.428 q
233.10 111.0 0.374t
233.13 168.4 0.319g
233.17 230.4 0 .269g
233.44 302.4 0.2074
253.18 10.7 0.8602
253.17 31.3 0.8043
253.13 60.5 0.720g
253.19 61.7 0.7284
253.11 62.4 0.713?
253.18 104.3 0.653 q
253.19 149.1 0.5781
253.19 214.4 0.4923
253.11 214.4 0.4 9 2 ?
253.18 281.7 0.4255
253.35 303.6 0.384 ~ 6
268.15 ° - 1 o 1 * 2 O 9
268.17 28.1 1.121
268.11 61.6 1.00?
268.18 99.6 0.905g
268.16 141.0 0.8204
268.16 193.5 0.7262
268.14 262.8 0.625?
268.16 300.5 O.5690
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Table 4.7 Continued
T/K
283.16
283.12
283.13
283.13
283.15
283.17
283.15 
283.12
298.15
298.20
298.14
298.32 
298.35
298.29
298.32
298.31
298.30
298.30 
298.29
298.32
* h.p.d.c. experiment
313.16
313.20
313.20
313.21
313.20
313.20
p/MPa 9 2 -1 0 y£/m s
0 . ! 0 1.651
23.4 1-515
52.4 1.402
8 6 . 2
124.3 !.l7l
173.2 1.035
233.9 0.926g
306.6 0.7971
° - 1 o 2 .2 1 9
°*10 2  • 23g
°-10 2.231
13.0 2 .09^
31.9 1.936
60.3 1 '78g
102.4 1.582
103.6 1.614
131.6 1 '49 5
184.5 1-338
242.0 I.2 O 9
303.0 1.094
°-10 2.869
31.1 2  • 46g
70.3 2.224
1 2 0 . 0
191.8 1.702
304.4 i.395
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Table 4.7 Continued
T/K p/MPa 109Z)/m2s_1
328.18 o . i 0 3.595
328.20 5.9 3 * 5 1 6
328.41 31.3 3.15
328.42 65.8 2.86
328.38 113.1 2.61
328.43 174.2 2.32
328.43 259.7 1.97
328.41 310.2 1.82
343.42 10.0 4.34
343.44 52.2 3.70
343.42 101.4 3.28
343.44 170.5 2.83
343.41 251.3 2.44
Uncertainty 
for these 
points is 
4-5% due to 
coil
expansion 
(see text)
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Figure 4-6 Experimental values for the self-diffusion 
coefficient D of Deuteromethanol (CH3OD) plotted 
as a function of pressure p, showing all measured 
isotherms.
NMR expt.
h.p.d.c. expt.
343 4 K
328-4 K
313-2 K
298-3 K
2831K
268-2 K -
253-2 K
233-2 K
214.3 K
50 150 250100 200 p/MPa
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Figure 4-7 S e l f - d i f f u s i o n  c o e f f i c i e n t  D o f  Deuteromethanol  
(CH^OD) p l o t t e d  as a f u n c t i o n  o f  molar  volume ‘Vm> a t  
t e m p e ra tu re s  f o r  which V cou ld  be o b t a in e d  r e l i a b l y .
328.4K
313-2K
283.1K
268.2 K
253.2 K
_____________________|_____________________ |_____________________ I
36 38 40 Vm/cm3mor134
Table 4.8 Self-Diffusion Measurements: METHANOL, CH^OH
T/K p/ MPa 109ö / m 2s 1
283.17 o.io 1'84 6
283.15 °-1 0 1 .79„ t
283.16 46.9 1.634
283.18 46.5 1.652
283.18 128.7 1.31 s
283.18 282.4 1.007
298.19 o.io 2.43?
298.16 0.!0 2-415
298.15 ° - 1o 2 • 43g
298.15 o.i0 2 •44 3
298.14 o.io 2•4 I5 +
298.15 o.io 2.404 t
298.16 11.8 2.284
298.15 24.6 2.265
298.20 46.4 2 • 06g
298.15 59.8 2.024
298.17 108.9 1.775
298.21 148.6 1-64 4
298.14 204.8 1.512
298.15 229.7 1 '426
298.14 255.4 1.324
313.13 o.io 3.116
313.14 o.i0 3.062 t
313.16 52.2 2.632
313.15 134.4 2.16?
328.17 o.io 3.79y
t NMR experiment
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Figure 4-8 Experimental values of the self-diffusion 
coefficient D of Methanol (CH3OH) plotted 
as a function of pressure p. CH^OD curves 
are shown for comparison.
NMR expt.
h.p.d.c. expt
313.2 K
298-2K
283.2 K
Figure 4-9 Self-diffusion coefficient D of 
Methanol (CH3OH) plotted as a 
function of molar volume V . 
Legend as in Figure 4.8.
313.2 K
298.2 K
283-2K
T T T
Figure 4-10 Comparison of the self-diffusion
coefficients D of Methanol (CH3OH) and 
Deuteromethanol (CH^OD) as a function 
of temperature T at atmospheric 
pressure. The value shown for CH3OD 
at 253 K is extrapolated from the 
D vs p curve.
CH3OH
O NMR expt.
® h.p.d.c. expt
CH3OD
□  NMR expt.
■ h.p.d.c. expt
/
250 270 290 310
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Table 4.9 Tracer Diffusion Measurements:
ACETONITRILE IN METHANOL, (14CH3CN/CH3OH)
T/K p /MPa 1090/m2s-1
283.15 O . i Q 2.760
283.16 ° - 1 o 2.704
283.16 26.2 2.417
283.24 27.0 2.43g
283.15 57.6 2.201
283.15 95.6 1. 90?
283.16 145.6 1.666
283.17 198.1 1.432
283.17 252.5 1'323
298.15 ° - 1 o 3 • 44 5
298.16 0.10 3.4^
298.15 14.6 3.276
298.15 33.8 2.93^
298.15 33.9 2.98s
298.15 34.8 3.024
298.16 61.8 2.690
298.15 83.1 2.53g
298.15 106.9 2.274
298.16 137.0 2 • IO9
298.14 186.3 1.866
298.14 218.8 1" 758
298.15 255.4 1.61.
313.15 0.!0 4.243
313.15 o . i0 4.25.
313.17 22.3 3.85g
313.16 51.6 3 • 44g
313.16 54.7 3.350
313.22 93.6 3.05q
313.22 142.2 2.643
313.22 204.1 2.284
313.22 271.1 1.97.
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Experimental values for the tracer diffusion 
coefficient D of Acetonitrile (-^CH^CN) ‘in 
Methanol (CH3OH) plotted as a function of 
pressure p.
Figure 4-11
313-2 K
298-2 K
283-2 K
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Figure 4*12 Tracer diffusion coefficient D of
Acetonitrile (-^CH^CN) in Methanol 
(CH3OH) plotted as a function of the 
molar volume V of pure Methanol.
313-2 K
2982 K
283 2 K
34 36 38 40 Vm/cm3m©i“1
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T a b l e  4 . 1 0  T r a c e r  D i f f u s i o n  M e a s u r e m e n t s :
METHANOL IN ACETONITRILE, ( 14CH3OH/CH3CN)‘
T / K p /MPa 10®D/m3 s"
2 8 3 . 1 5 o *1 o 3 . 9 8 3
2 8 3 . 1 6 0 . ! 0 3 . 89g
2 8 3 . 1 5 1 8 . 3 3 . 5 8 9
2 8 3 . 1 7 6 0 . 8 3 . 2 3 5
2 8 3 . 1 6 1 0 2 . 6 2 . 7 5 y
2 8 3 . 1 7 1 6 7 . 9 2 . 4 1 6
2 8 3 . 1 7 2 0 9 . 3 2 . 1 6 1
2 8 3 . 1 6 2 7 5 . 3 1 . 8 5 9
2 9 8 . 1 5 ° * 1 o 4 . 9 2 s
2 9 8 . 1 5 0 . 1 0 4 . 8 6 8
2 9 8 . 1 5 1 6 . 3 4 . 5 6 9
2 9 8 . 1 5 3 8 . 5 4 . 1 9 0
2 9 8 . 1 4 6 9 . 4 3 . 7 0 3
2 9 8 . 1 5 9 0 . 1 3 . 4 7 3
2 9 8 . 1 5 1 4 4 . 4 2 . 9 5 4
2 9 8 . 1 5 1 8 8 . 7 2 . 6 9 5
2 9 8 . 1 5 2 3 6 . 9 2 • 29g
3 1 3 . 1 5 0 . ! 0 5 . 6 6 g
3 1 3 . 2 1 ° - 1 o 5 . 66g
3 1 3 . 1 3 1 3 . 0 5 . 37y
3 1 3 . 1 3 3 6 . 9 4 • 98g
3 1 3 . 1 6 3 7 . 2 4 . 9 7 6
3 1 3 . 1 5 3 8 . 1 4 . 9 8
3 1 3 . 2 3 6 9 . 3 4 • 3 0 q
3 1 3 . 2 2 1 0 6 . 9 3 . 89g
3 1 3 . 3 0 1 5 7 . 9 3 ' 34 8
3 1 3 . 2 3 1 5 8 . 2 3 . 38g
3 1 3 . 2 2 2 2 4 . 6 2 ‘ 7 5 q
3 1 3 . 2 2 2 7 2 . 8 2 . 5 3 2
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Figure 4.13 Experimental values for the tracer diffusion 
*" —  coefficient D of Methanol (^CHgOH) in
Acetonitrile (CH3CN) plotted as a function 
of pressure p.
313-2 K
298-2 K
283-2 K
250 p/MPa50 100 150 200
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Figure 4-14 Tracer diffusion coefficient D of
---------  Methanol (l^Ch^OH) in Acetonitrile
(CH3CN) plotted as a function of the 
molar volume Vm of pure Acetonitrile.
3132 K
298-2 K
283-2 K
46 48 50 52 Vm/cm3mol1
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Table 4.11 p,T Representation of Diffusion Measurements.
The results from Tables 4.6 - 4.10 have been fitted as a 
function of temperature and pressure using the equation:
9 2 - 1ln(10yD/m s ) =
3 . 3  3
A0 + 2 A . (p/MPa)1 + A4 + A (i^)(p/MPa)
i=l
where D is the self or tracer diffusion coefficient.
Each set of results is reproduced within the experimental 
accuracy by the following regression coefficients:
Coefficient CH3CN c h3od c h3oh 14ch3oh/ch3cn 14ch3cn/ch3oh
*0 4.968 5.812 6.338 5.259 5.650
103 Ax -3.078 -1.430 -7.914 -7.337 -4.384
iO6 7.361 8.612 6.791 6.318 7.457
i°9 -8.446 -13.021 -13.003 -7.455 -6.555
^4 -1.049 -1.498 -1.628 -1.100 -1.316
104 45 -4.348 -7.076 14.124 9.710 0
No. of points ( n) 67 72 26 29 31
2010zus (t) 7.304 8.846 2.239 8.952 2.975
n 
■- Z 
J = 1
~ 2 4 -2(D . - D .) /m s where D. is the experimentally0 J J
determined diffusion coefficient and D . is the value estimatedJ
from the fitted equation.
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4.7 Assessment of the errors in the measurements
There has already been some discussion in the text' of 
the possible sources of error inherent in the high-pressure 
diaphragm cell technique (section 2.6) and in the NMR 
technique (section 3.6) used to obtain the diffusion 
coefficients presented in the previous section. While the 
two methods differ fundamentally in their determination of 
the measured values and, therefore, can serve to cross-check 
one another, there remain some errors common to both 
techniques which still need to be assessed. These 
contributions arise mainly through the uncertainties in 
temperature and pressure for a given experiment and may be 
conveniently gauged by using the equation given in table 4.11 
(preceding page) in conjunction with the following error 
expression:^
, 6D.2 
{ D } C ( ^ ^ ) ] 2(«r)2 + C(^§^)]2(6p)2.9T V--/ 3p
Here SD/D is the relative error in the diffusion coefficient 
and &T and 6p are the expected errors in T and p respectively. 
The partial derivative terms are then easily derived and for 
reference are given by:
, 81nP t dT ) - < ^ ) ( X 4 + A5(p/MPa)),
•f*This equation is a variation of the more common form: 
, ^ 2  _ ,3$ ,2/f ,2 , . ,dQ N 2, , ,2
(6S) “ (ä57> (6V  + ... + (3S-> (6V1 1  n
where Q is an experimental quantity such that
Q Q (x  ^  > x 2  , • • • • • ) •
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and:
dlnD [ Z iA .(p/MPa) 
i=l ^
3
1 1 + a 5(±2-Ä) MPa,
where the numerical coefficients are obtained from table 
4.11. In this work the maximum uncertainty in temperature 
for the experiments was ±0.05 K while that in pressure was 
±0.3 to ±0.4 MPa (sections 2.3 and 3.4). For each of the 
five systems studied the error in D was evaluated from the 
above partial derivatives and with ST = 0.05 K and 
Sp = 0.3 MPa, the contribution from each temperature and 
pressure term was found to be in the range 0.1% - 0.2%.
The maximum combined uncertainty was then determined from 
the relative error expression and in all five systems fell 
between 0.15% and 0.25%. This temperature/pressure 
contribution is, of course, generally accommodated as part 
of the normal experimental reproducibility discussed below.
To a first approximation, the overall uncertainty in 
the experimental points can be assessed from the 
reproducibility of the calibrations, since these experiments 
usually represent the repeated determination of a single 
value. For the NMR calibrations (section 4.3) the maximum 
uncertainty in the gradient determination for either of the 
coils used in this work was around ±0.5%, which corresponds
to ±1% in the g -term of the NMR diffusion equation
*
(equation 3.23). In unfavourable circumstances the 
experimental parameters during a diffusion measurement can 
result in a similar variation in the measured diffusion 
coefficient and, consequently, a reasonable estimate for 
the overall experimental uncertainty (in the absence of any 
systematic error) would be in the vicinity of ±2%. For the
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high-pressure diaphragm cell, calibrations of the sinters 
(section 4.2) were reproducible to within ±0.6% - ±0.8% at 
worst, so that similar considerations yield an uncertainty 
in the measured value of ±1.2% to ±1.6%. In addition, 
however, the high-pressure diaphragm cells require a bulk 
flow correction - a factor which is not present in the 
diaphragm calibration experiments. Investigation of this 
effect (section 2.6, equation 2.24) showed that in the 
present work the error contributed to the diffusion 
coefficient was approximately twice the error in the original 
compression ratio k for the liquid. Since the values of k 
for acetonitrile and methanol were both known to well within 
±0.5% at the temperatures studied, the final diffusion 
coefficients should have an overall uncertainty in the range 
±2% - ±2.5%. The agreement between the self-diffusion 
measurements made on acetonitrile at 298.2 K using the NMR 
and high-pressure diaphragm cell techniques would support 
these error estimates and, since both sets of measurements 
lie within their mutual uncertainties, any systematic error 
in either technique must be, by comparison, relatively small.
Finally, returning briefly to the NMR measurements on
deuteromethanol, the failure of the high-pressure coil
discussed in section 4.3 resulted in a considerable increase
in the uncertainty of the two highest isotherms at 328 K and
343 K. Unfortunately, since the calibration factor enters
2the NMR diffusion equation through the g -term, the error in 
is considerably magnified in its effect on the measured 
diffusion coefficients. Furthermore, it was also uncertain 
as to when the expansion occurred during the experiments,
so that a mean value between the old and new values of k
was used to calculate D for these isotherms. The
2resulting uncertainty in the g -term was, therefore ±2.5% 
(of: ±1% quoted above) and the corresponding error in the 
D values has been increased accordingly to ±4% - ±5%, as
9
shown in table 4.7
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CHAPTER FIVE
DISCUSSION AND INTERPRETATION OF THE RESULTS
5.1 Comparison of the measured values with other work
A search of the available literature reveals that there
have been only two previously-reported determinations of the
self-diffusion coefficient of methanol (or deuteromethanol)
measured as a function of both temperature and pressure.
The earlier of these studies - on normal methanol (CHgOH) -
was carried out by Hiraoka et al. * in 1958 using a high-
14pressure capillary technique in conjunction with C-labelled
tracers. Measurements were made by the authors at three
temperatures (288 K, 298 K, and 313 K) but the final,
reported values were limited to just eight points; only one
of which was above 100 MPa. More recently, an
extensive investigation of deuteromethanol (CH^OD) has been
ocarried out by Jonas and Akai. Self-diffusion coefficients
were obtained using the NMR technique to pressures
approaching 500 MPa on some isotherms, although their
overall range of temperature was not as great as in the
present study. Understandably, considerably more work has
been done on methanol and deuteromethanol at atmospheric
3-10pressure and at least nine papers have appeared 
reporting self-diffusion measurements since 1952.
By comparison though, the self-diffusion of acetonitrile 
has received virtually no attention. No measurements have 
been reported for the liquid under pressure and only one 
value has been determined at atmospheric pressure0 (see below).
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Similarly, there has been little work done on tracer diffusion 
in polar mixtures, and neither of the tracer systems reported 
in this work appear to have been studied previously.
At first glance, the diffusion coefficients available in
the literature for 'methanol* (so-called) at atmospheric
pressure appear to cover a wide range of values*,
particularly at 298.2 K. On closer inspection, however, almost
all of these results can be seen to fall into one of two groups,
depending on whether the original measurements were made on
methanol or deuteromethanol. The surprisingly large difference
in the diffusion coefficients of these isotopic homologues is
the subject of the following section, but it is sufficient to
note for the present that the greater part of the spread in
the reported measurements can be accounted for by the isotopic
dependence. By far the largest number of measurements on these
liquids has been made at 298.2 K and a comparison of the
results at this temperature, as shown in table 5.1, serves to
illustrate the agreement of the present work with earlier
determinations. In the case of deuteromethanol there have been
two previously-reported measurements; a single value at 298.2 K
0
due to Zeidler, and a later result (again at 298.2 K only) due
7tto Nothnagel and Weiss. Both determinations were made using 
t 8O'Reilly and Peterson also determined the self-diffusion 
coefficient of CH^OD at atmospheric pressure over a range of 
temperatures, but presented their results in the form of an 
Arrhenius-type equation with values given only for the associated 
activation-energy and pre-exponential factors. The uncertainty 
in the activation-energy term alone results in the self-diffusion 
coefficient D at 298 K lying in the range 2.1 < 10^ Z?/m^  s *<2.9; 
equivalent to ^ ±17% about the mean value.
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the NMR technique and it can be seen in the table that these
earlier values agree well with the present measurements.* For
methanol, the most recent determination of the self-diffusion
coefficient at atmospheric pressure is that due to Pratt and
Wakeham.^ Their value was determined using the peak
dispersion method and is in close agreement with the
3-5results of this work. Earlier measurements using both 
diaphragm and capillary cells tend to be slightly lower, but 
the maximum deviation remains less than 4.2%. Only the values
9reported by Sandhu measured using the NMR technique are 
inconsistent with this work and the earlier determinations.
Table 5.1 Comparison of the Self-Diffusion Coefficients D
for Methanol and Deuteromethanol at 298.2 K and 
Atmospheric Pressure with Literature Data, 
this work literature
9 2 - 11 0 D/mA s 109D/m2 s 1 ref
CH3OD 2.23+ 2*17 7
2.2 6
CH3OH + +2.42tt 2.32 3
2.34 5
2.3? 4
to 10
3.50 9
f Average of 3 values taken from table 4.7
J.
Average of 6 values taken from table 4.8
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For comparison of the high-pressure measurements on 
methanol the results of Hiraoka et al.^ ~ have been reproduced 
in table 5.2 along with corresponding values interpolated 
from the results reported here. With the exception of one 
point, the diffusion coefficients obtained in this work are 
at least 4% above this earlier data with the discrepancy 
increasing significantly at higher pressures. Furthermore, 
no sign of the diffusive minimum reported by these authors 
on their 288 K isotherm was observed in the measurements at 
283 K (see figures 4.8 and 4.9).
Table 5.2 Comparison of the Self-Diffusion Results for
Methanol under Pressure with Ref. 1.
The tabulated values shown for ref. 1 have been taken directly 
from the original paper, while the values given for this work 
have been interpolated using the equation given in table 4.11.
109D/m2 -1s
T =  288 .2 K T =  298 .2 K T =  313 .2 K
p/MPa ref. 1 this
work
ref. 1 this
work
ref. 1 this
work
orHO 1.84 1.99 2 .2 1 2.40 rHoCO 3.i2
49 - -
U9
2.09 2.55 2.6g
98 1.24 1.56 - - 2.0? 2 • 3 6
294 1-77 CL.O0) + - - -
t Short extrapolation.
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In the case of deuteromethanol under pressure, comparison
2of the results from this work with those of Jonas and Akai 
indicates excellent agreement at low temperatures, but a 
marked difference is apparent for all the measurements above 
283 K. This behaviour is exemplified by the three isotherms 
illustrated in figure 5.1; the values at 283 K comprising 
the only experimental isotherm common to both sets of 
measurements. Agreement of the results at this temperature 
is excellent and interpolation of the data at lower 
temperatures indicates this consistency is maintained down 
to 223 K. However, above 283 K the two sets of results 
diverge from one another and at 323 K the discrepancy 
exceeds 7% (the error quoted by Jonas and Akai) although the 
pressure dependence is still very similar. It has already 
been shown that the high-pressure measurements for 
deuteromethanol from this work (determined with the NMR 
apparatus) are quite consistent with the atmospheric pressure 
values at the same temperatures (measured using both the NMR 
apparatus and the high-pressure diaphragm cells), so that the 
reason for this divergence is not apparent.
Finally, in regard to acetonitrile, it has been
mentioned above that the only reported self-diffusion
measurement is that due to Zeidler0 at 298.2 K and at
atmospheric pressure. His value £>(298.2 K, 0.1Q MPa)
-9 2 -1= 5.4 x 10 m s is well above the mean value obtained 
from the present work (table 4.6) of £>(298.2 K, O.Iq MPa)
_ q  o  _ i= 4.34 x 10 m s •L.
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5.2 Interpretation of the effect of isotopic substitution
on the self-diffusion coefficient of methanol
Simple isotopic substitution in molecules is not
considered to significantly alter the intermolecular
potential between interacting species. Consequently, when
isotopically-labelled substances are employed for the study
of self-diffusion, changes in the intermolecular potential
are usually ignored and corrections, if any, for mass
12-14dependence are made using classical theory in the form
of Graham's Law:
m2 *V°2 = ^  ’V ' V
where D^ and D^ are the diffusion coefficients of species 1
and 2 with molecular masses m  ^ and m  ^respectively. However,
such an approach is strictly only applicable to molecules
interacting with central forces, where the equations of
motion yield this simple inverse square-root of mass dependence
for the self-diffusion coefficient. In an early analysis of
12the effects of isotopic substitution, Pople concluded that
for molecules interacting with non-central forces it was
necessary to consider the angular contributions to the
13equations of motion as well. More recently, Friedman has
used linear response theory to interpret isotopic behaviour
and attributed the weakness of classical theory for polyatomic
molecules to effects introduced from translational-rotational
14coupling. In a similar vein McLaughlin has also considered 
the contributions of rotational motion to molecular transport, 
and he suggested that where these effects are important, the 
self-diffusion coefficient would be more likely to exhibit a
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dependence on the square-root of the moments of inertia.^
The ratio of the diffusion coefficients for methanol
and deuteromethanol at equal molar volumes are shown in
table 5.3 at four temperatures. It can be seen that at each
temperature the ratio remains constant within experimental
error, although it appears to retain a slight temperature 
+ +dependence. These diffusion coefficient ratios may be 
compared with the ratios of the inverse square-roots of the 
moments of inertia for the two molecules - as shown in 
table 5.4 - and they can been seen to bear a close 
resemblance to the value calculated for the z-axis (aligned 
along the C-0 bond). Hence, if reorientational motion in
t 15The loaded-sphere model also predicts a similar result 
for the self-diffusion coefficient of isotopically-related 
molecules in the gas phase. In free flight, a loaded sphere 
will rotate about its centre of mass and so present a 
greater collisional cross-section than an unloaded sphere 
of similar dimensions.
^The molar volumes of liquid CH^OH and CH^OD are slightly 
different at any fixed temperature and pressure.
16Unfortunately, this factor was overlooked in earlier work 
(see also Appendix 7) and gave rise to an apparent pressure 
dependence for the diffusion coefficient ratio. The 
conclusions of that work, however, remain essentially
unaltered.
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Table 5.3 Ratios of the Self-Diffusion Coefficients D of
Methanol and Deuteromethanol as a function of
Temperature T and Molar Volume V .m
D(T,Vm ,CH3OH) 
D(T,Vm ,CH3OD)
T, , 3 ,-1V /cm mol m' T = 283.2 K T = 298.2 K T = 313.2 K T = 328.2 K
35.0 1.13c 0 1.10 + - -
36.0 i.ISs 1.101 - -
37.0 1.132 1.102 X-095 -
38.0 i.lSQ 1 • i o2 1-098 -
39.0 1'12g 1.103 i .i o 0 -
40.0 1.103 i . i o2 -
41.0 - - 1.104 -
42.3 - - - 1.06++
mean value: 1.131 1.102 1.100 1 • 06?
Short extrapolation of D vs Vm isotherm for CH^OH
11Short extrapolation of D vs 7m isotherm for CH^OD
Table 5.4 Moments of Inertia I for Methanol and Deuteromethanol
Data is taken from ref.17; I . is along the symmetry axis for thez
CHq-group, J and I lie in a plane perpendicular to the o x y
symmetry axis.
x-axis y-axis z-axis
48 21 0 I/kg m^ for CH30H 353.2 340.1 65.8
ch3od 381.8 357.6 76.7
T(CH3OD)/T(CH3OH) 1.081 1. °5i 1.166
[ J( CH30D)/!(CH30H ^ !.040 1.02c-5 1.080
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methanol is in fact dominant, then the small remaining
discrepancy can be accounted for in terms of a change in
the strength of the molecular interactions. For methanol,
the increase in the intermolecular potential resulting from
the replacement of the hydrogen in the hydroxyl group with
18deuterium has been estimated to be in the range:
459 ± 260 J mol ^. This is approximately 2% to 7% of the 
hydrogen-bond energy, depending mainly upon what estimate 
is taken for the bond strength. Hydrogen (or deuterium) - 
bonding in methanol would tend to hinder longitudinal rotation 
of the C-0 bond (z-axis) and would probably account for the 
slight temperature dependence of the diffusion coefficient 
ratios as well. A similar correlation between the self­
diffusion coefficient ratios and the moments of inertia has
19recently been observed by Krynicki et at. for liquid hydrogen
chloride (HC1) and deuterium chloride (DC1), and also by 
onWoolf in ethanol (CHgC^OH) and deuteroethanol (CH^CH^D).
For water, however, both classical and non-classical
21 22behaviour has been observed ’ and neither the mass 
corrections, nor those applied for the moments of inertia, 
fully account for all the results. Nevertheless for hydrogen- 
bonded substances in which the interaction has a single, well- 
defined direction, then the above correlations would indicate 
that the translational motion will be determined to some 
extent by the reorientation of the molecules.
5.3 Analysis of the results: activation energy approach
The use of activation analysis has become a long-standing 
and almost traditional method for the interpretation of 
diffusion and viscosity data. Based on the theory of rate
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processes developed by Glasstone, Laidler and Eyring, the 
approach regards each molecule in the liquid as sitting- in 
a potential well produced by its near neighbours. In order 
to diffuse, a vacancy adjacent to the molecule must be 
formed and it must then escape from (or 'jump') the 
potential barrier which contains it; the barrier being
Sicharacterised by an activation energy E . The diffusion 
coefficient is, therefore, proportional to the number of 
molecules in the activated state (determined by 
exp(-E / kT)) and may be written as ;
D = Dq exp(-E*/RT), (5.2)
äwhere E is the molar activation energy, D is a m ’ o
proportionality constant termed the frequency .factor and R 
is the gas constant. If the density of the liquid is to 
be changed by the variation of the hydrostatic pressure p, 
allowance must also be made for the contribution of the pV 
term to the energy of the system and equation (5.2) is 
modified to the form:
D = Dq exp[-(E* + Py£)/Ä2-], (5.3)
where P is the thermal pressure (P = r(-|£) y and yfj is 
called the molar activation volume. The two activation 
parameters can then be defined as:
23
-RT( 31n D. 9p ^T
(5.4)
and
(zibv = - Ä ( ! ^ s O  (Z = p or 7),nr Z “'3(1 (5.5)
Si Siwhere (£’m )p and (^m )y are the isobaric and the isochoric molar
t Also, P II + p  where n is the internal pressure.
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activation energies respectively. These quantities are 
easily determined from Vm ,T and p ,T representations of • 
the diffusion measurements (such as in table 4.11), and the 
calculated values for each of the systems studied in this 
work are shown in tables 5.5.
The activation energies at constant pressure given in 
table 5.5a were found to exhibit no significant temperature 
dependence over the range of the present results, although 
a pressure dependence is apparent in four of the systems. 
Unfortunately, this pressure variation does not appear to 
indicate any well-defined trend and, more surprisingly, the
Sipressure dependence of (#m)p for deuteromethanol is the 
opposite to that obtained for normal methanol. The 
behaviour of the activation energies at constant volume
Si(E^)y given in table 5.5b, however, appears to be more
Sireasonable. Notably, the values of for self-diffusion
in methanol and deuteromethanol are somewhat higher than 
those calculated for the other systems and are consistent 
with the energy range that might be expected for hydrogen- 
(or deuterium-)bonding in these liquids. Again, no 
temperature dependence for (2?m) was observed in the 
deuteromethanol or methanol-based systems (columns 3, 4, and 
6 of the table) but was apparent for the self-diffusion of 
acetonitrile and also for the tracer diffusion of methanol
Siin acetonitrile. In both cases the variation of (E )T. canm V
be described by a simple relationship to the reciprocal 
temperature such that:
[(E^)7(I’)] = [(£*>^(298.2 K)] + B(298j,2 K -1), (5.6)
where the proportionality constant B is given in table 5.5b.
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Table 5.5a Activation Energies at Constant Pressure
(£a) /kJ mol 4 ) K m'p' '
p/MPa c h 3cn c h 3od c h 3o h 14c h 3o h /c h 3cn 14CH3CN/CH30H
0 . 1 0 8.7 2 12.5 13.5 9 -X5 10.9
100 CD O oo 13.0 12.4 8.34 10.9
200 9.44 13.6 11.2 7.53 10.9
300 9.81 14.2 10.0 6.7, 10.9
Table 5.5b Activation Energies at Constant Volume
(Ea)T//kJ mol v m V
V / c n ?  mol 4 m' CE^CN CHgCD o ^ oh 44CH3OH/CH3CN 14ch3cn/ ch3oh
35 — 1 1 . 3 CD 00 — 7 . 5 5
37 - 1 0 . 8 9 . 8 -
39 - 1 0 . 3 CD 00
i
- 7 . 5c- 5
41 - 9 . 7 g CD 00
I
-
46 5 . 4 4 + - - 4-V -
48 4 9 + * 6 - - 4'V ~
50 4 4 + * • 8 - - 4 - 2 6 + -
52
+-
1 
o
 
o - - 4 . 2 „  + 6 ~
B / k J  mol-4 1 5 . 1 0 0 2 8 . 3 0
^Evaluated at 298.2 K
Table 5.5c Activation Volumes at 298.2 K
7a/cm^ mol nr
p/MPa c h 3cn CH30D CHgOH 44CH3OH/CH3CN 44CH3CN/CH3OH
0.10 11.2 9 .42 7 • 87 10.1 10.9
100 8.22 e.i3 5 '48 7.54 7.66
200 6 ’46 4 '76 5.01 6.0 5 '42
300 5.95 5.33 6.48 5.7, 4 -16
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Little can be said in regard to the behaviour of the
Siactivation volume V as defined by equation (5.4). This
parameter shows both temperature and pressure dependence 
and is best represented over the range of the present 
results by the equation:
where the coefficients A^ are taken from table 4.11. For
£Lease of comparison though, values of V have been calculated 
at 298.2 K for various pressures and are shown in table 5.5c. 
In each case the activation volume at atmospheric pressure 
represents approximately 20% to 25% of the molar volume and
is consistent with the behaviour observed in non-polar
26—28 a,systems. Similarly the decrease of Vm with increasing
pressure has been observed, although for both methanol and
Sideuteromethanol passes through a minimum and increases
again with pressure.
24Finally, Hills has recently pointed out that
Siequation (5.5) for (Em)y may not have a clear significance 
in terms of activation analysis theory. Since the local 
density of the system changes during the activation process, 
the determination of the activation energy at constant 
volume then requires a knowledge of the pVT behaviour of
Sithe activated state. The evaluation of (E ) TT in this contextv nr V
25has been discussed by Williams, but it is notable that the 
activation volumes given above represent a substantial 
fraction of the molar volume.
3
= -RTl l iA . (p/MPa) 
i=l ^
(5.7)
It should also be noted that the constancy of the values
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of (£,a)_r in the last three columns of table 5.5b may be nr V
fortuitous. These three systems were only studied over.a 
limited temperature range (283.2 K to 313.2 K) and the 
curvature of the derivative defined by equation (5.5) with 
molar volume was not found to be experimentally significant. 
Over a broader range of temperatures this secondary 
curvature is more likely to become apparent, as is observed 
in the self-diffusion measurements for both acetonitrile 
and deuteromethanol.
5.4 Analysis of results: rough hard-sphere theory and 
self-diffusion
The Enskog theory of diffusion in dense smooth hard- 
sphere systems predicts that the diffusion coefficient valid 
at high number density will be related to the low density 
value (superscript o) via the relation:
5°e 
V5D 0
1
g(o) (5.8)
Here, g(o) is the radial distribution function at contact 
and £ is the number density defined by:
5 = , (5.9)
m
where L is Avagadro's constant and V is the molar volume ofm
the fluid. Kinetic theory then provides the expression for D°, 
the low-density diffusion coefficient, such that:
3 (SI)8^  KT M'
i
r° 25 a
(5.10)
and where o is the hard-sphere diameter, R is the gas constant 
and M is the molar mass. In order to compare the predictions 
of the smooth hard-sphere theory in dense systems without
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first estimating a value for a, Dymond defined a reduced
diffusion coefficient in the form:
* SgSHS V 2/3
g°D° VP (5.11)
where is the diffusion coefficient of the smooth hard-
sphere system at density £ (derived from computer 
simulations3^) and 7 ^  is the molar volume of close packing
(5.12)
for the spheres given by
r
cp = La^  
m /2
Substitution of equation (5.8) into equation (5.11) then yields:
D,
r'E
, SHSv (Vm 2//3 
g(o)  ^ 'yCp
m
(5.13)
where (#gHS/ e s s e n t i a l l y  represents the computer-
calculated corrections to the Enskog theory. These
29 31corrections were expressed by Dymond ’ in the form:
Df = — tttt ( - p p  (-^-) = 1.27- (— --- 1.38.), (5.14)g(o) De 7cpy 1 v yCp 4'» J
m m
so that by substitution:
* Fm  Fm P X /3
D = x '27i <~Hp - 1 -384> Ct 2" 5 7 ^ m
(5.15)
However, D can also be calculated from experimental 
properties on the basis that a real fluid behaves like an 
assembly of hard spheres. Combining equations (5.9), (5.10), 
and (5.12) yields:
8/rr 1/3 . M A  SHS
3 ^RT^ t/1/3 °^RT^ 1/3 ’
SHS 
■ (5.16)
Q
where a = 5.02^ x 10 mol -1/3 Since equations (5.15) and
(5.16) both represent the same parameter, rearrangement 
then gives:
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ycP V1.271 ,RTA, m 1/3 m
SHS c 1 M } K V } c T/cpm 7 m
1.384)
= 2/3<-Vm “ 1 '384 7mP)> (5.17)
, , 1.271 0 ,-0 1a-9 ,1/3where a 1 = ---- - = 2.52„ x 10 mol 7 .c 7
If dense fluids are then assumed to behave as smooth 
hard-sphere systems, can be equated with the experimental
diffusion coefficient and the data fitted to equation (5.17). 
From the resulting coefficients 7 ^  (and hence a) can be 
deduced. Chandler^“^  pointed out though, that in most
fluids translational-rotational coupling remains a 
significant factor affecting the transport properties and 
that allowance should be made for such contributions. He 
extended the above approach to define a rough hard-sphere 
diffusion coefficient such that:
^RHS ADDSHS (5.18)
where A^ is termed the translational-rotational coupling 
+constant. Hence, the rough hard-sphere theory predicts 
that coupling between translations and rotations has the 
effect of lowering the diffusion constant - the stronger 
the effective coupling, the smaller the value of A^. At 
the upper bound = 1, the translational motion is 
essentially unaltered by the rotational behaviour of the 
molecules and the rough hard-sphere model reduces to the 
smooth hard-sphere equation again. For example, in methane 
the diffusion coefficient can be represented over a wide 
density range by the rough hard-sphere model with
tThe theory can be applied in a similar manner to
32viscosities.
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A = 1.00 ± 0.02, while in compressed carbon tetrachloride 
Chandler32 found = 0.54, indicating a fairly high degree 
of coupling for this liquid. In both cases the hard-sphere 
diameter a (and thereby decreases with increasing
temperature, as Chandler originally suggested.
Combining equations (5.17) and (5.18) above enables 
experimental diffusion data to be fitted as a linear 
function of molar volume with the parameters A D and Vm 
being determined independently from the gradient and the 
intercept at DntJO = 0. If the rough hard-sphere model is 
applicable to the liquid, then the coupling constant A 
should be found to be nearly independent of both the liquid 
density and the temperature. At the same time, the hard- 
sphere diameter a may decrease slightly with increasing 
temperature, but it too should remain independent of the 
liquid density. To investigate the usefulness of the rough
CDhard-sphere model for polar fluids, the values of 4 , V ,D m
and a for the self-diffusion measurements reported in this 
work are shown in table 5.6. Reference to the D versus Vm
plots for these three liquids (see Chapter Four, figures
4.5, 4.7, and 4.9) shows that each isotherm is linear within
experimental error, so that A D can have no significant
density dependence. However, it is clear from the table that
in each case the coupling constant does depend strongly on
32temperature. Chandler emphasised in his original work that 
the approximations implicit in the rough hard-sphere theory 
would limit its applicability to fairly spherical molecules, 
and particularly to those which have only weak attractive 
interactions: this latter condition precluding associated
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Table 5.6 Rough Hard-Sphere Parameters for Self-Diffusion 
Results.
Acetonitrile
T/K 7C^/cm^ mol ^ o/nm AD
268.2 29.9 o .4i 2 0.494
283.2 29.4 ° - 4 1 o 0.501
298.2 29.2 0.409 0.53Q
313.2 29.0 0.409 00COLOo
328.2
_
29.0 00oo 0.557
Deuteromethanol
233.2 21.3 0.36g(*) /—N*00t>oo
253.2 21.4 0.369 0.11?
268.2 20.8 0.365 0.131
283.1 20.4 0.363 °-152
298.2 20.5 0.364 0.191
313.2 20.3 0.363 0.219
328.4 19.8 0 * 3 6 q ( t) 0.241(t)
Methanol
283.2 20.3 0.363 0.16?
298.2 20.5 0.364 0.20 r.6
313.2 20.4 0.363 o CO o
Derived from low pressure results only; V ism
uncertain at the higher pressures.
+ curve extrapolated by 5 K.
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+substances such as water and the alcohols. Nevertheless
the approach yields sensible results for the three liquids
given in table 5.6 and, therefore, provides a first step
towards a useful comparison with other fluids.
2Jones and Akai used an analogous method to equations 
(5.17) and (5.18) in their interpetation of the diffusive 
behaviour of deuteromethanol, equating with a hydrogen­
bonding (more specifically, a deuterium-bonding) parameter. 
Their calculations of a and An (in their notation aUD(T,p)) 
are generally in excellent agreement with those given in 
table 5.6, although the values they calculate for AD above 
283 K appear too high when compared to either their own 
low-temperature values, or to the results of this work.
Also, it is worth noting from table 5.6 that the hard-sphere 
diameters calculated for CH^OD and for CH^OH are identical 
within experimental error at the three comparable 
temperatures. With equal values of a, it then follows from 
equations (5.17) and (5.18) that the ratio of the coupling 
constants will express the ratio of the diffusion coefficients
tChandler cited carbon disulphide (CS^) as an example of
a liquid which would probably not satisfy the former
condition pertaining to molecular shape. Recent high-
pressure diffusion measurements for CSg, however, indicate
that the rough hard-sphere theory can be usefully applied
36to this substance, although A^ is temperature dependent.
via the relation:
P(CH30H) M(CH3OD) 4 Aö (CH30H)~
D(CHgOD) M(CH30H) AD(CHgOD)
^(CH3OH)
^(CH3OD)
1.01 (5.19)
where ^(CHgOH)/^(CH^OD) = 1.09 (±0.01). Overall, if AD 
is regarded primarily as a measure of the translational- 
rotational coupling, then the rough hard-sphere approach 
would support the contention of section 5.2 that the 
rotational motion of the molecules is dominant in the 
transport behaviour of these liquids. Alternatively, if 
is taken to represent the 'hydrogen'-bonding within CH3OH 
and CH30D, the above ratio would imply a substantial 
enhancement of the attractive potential due to the isotopic 
substitution of -OD for -OH. Whichever interpretation is 
applied, however, the variation of A with T reflects the 
strong temperature dependence of the hydrogen-bonding in 
both these substances.
In the case of acetonitrile, the variation of A^
with temperature is not as marked as in the methanols.
Nevertheless its temperature dependence is greater than
that normally observed with non-polar systems and the
coupling constant changes by more than 10% between 268 K
and 328 K. Values of A^ for simple non-polar liquids have been
34 35observed to range from 1.0Q(CH^) or 0.9Q(CF3C1) , down
37 32to 0.6^(CFC13) , and even as low as 0.5^(CC1^) ; the
spread of the values being attributed to a varying degree
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of interlocking between the molecules of the liquids.
However, the behaviour of acetonitrile should be more 
directly comparable with that of liquids comprised of
36linear molecules; for example, carbon disulphide. Woolf, 
has recently carried out high-pressure diffusion 
measurements in this liquid and determined A ^ C S ^ )  ^ 0.62 
although, as in acetonitrile, the coupling constant is 
temperature dependent. The carbon disulphide molecule has 
no nett dipole so that the relatively high degree of 
translational-rotational coupling would appear to be the 
result of the molecular shape alone. By contrast though, 
the dipole moment of acetonitrile is relatively high, 
having a value of 11.7 x 10 ^  C m ^ , yet there appears to 
be only a small enhancement of the coupling in liquid CH^CN. 
Consequently, it would seem that the polarity of such non- 
spherical molecules is of less importance in determining 
translational-rotational interactions than is the overall 
molecular shape. Jonas, Hasha and Huang have recently reached 
similar conclusions with regard to the dependence of A D on
46molecular shape by comparing the transport behaviour of methylcyclohexane 
47and cyclohexane .
5.5 Analysis of results: rough hard-sphere theory and 
tracer diffusion
The application of rough hard-sphere theory to tracer 
diffusion follows directly from the approach used above for 
the self-diffusion measurements, with only minor modifications. 
Unfortunately though, the final expressions for the rough 
hard-sphere diffusion coefficient in a binary system are not 
as concise as equations (5.17) and (5.18), but, in practice,
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involve only additional numerical evaluation; the underlying
principle remains unaltered. Firstly, the expression for .
the low-density (Boltzmann) diffusion coefficient must be
re-defined to represent a binary mixture. Introducing the
superscripts S, T, and I to distinguish between the self-
+tracer, and the intradiffusion coefficients, the expression
for the intradiffusion of species i in a homogeneous mixture
38of i and j can be written as:
x .<’°>5 D°. . 13 (5.20 )
where x ^ , x. are the mole fractions of i and j respectively
and is the low-density mutual diffusion coefficient as
defined below. The low-density self-diffusion coefficient 
o S(D )_£ is, of course, still expressed by equation (5.10).
The extension of the above equation to dense fluids is made
39in the Thorne-Enskog approach by writing:
*<*«<°) . x.igi.i(a)
<V< (ö°)i
3 3^
D°. .
(5.21)
where are the radial, distribution functions
(r.d.f.) at contact for pure i and the mixture at composition
+The use of the terms self- and tracer diffusion can easily
become confusing when applied to multicomponent systems.
40Albright and Mills therefore introduced the term 
’intradiffusion' to describe the thermal motion of species i 
in a homogeneous mixture. The self-diffusion coefficient of 
i then relates only to diffusion in pure i while the term tracer 
diffusion is applied to the diffusion of i in the mixture as 
x^ -* 0. Hence: (£)^ = at = 1, and: (^)^ = as
■> 0 .
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x^ respectively. At low densities the mutual diffusion 
coefficient is represented by an expression similar to
equation (5.10) such that:
Q kTL(M . + M .) \
—  [— --------- ------- —^ ] [ ---------8 TT 2 M M .  , -O
3 ^ i + & °h ] (5.22)
where are number densities, a^. = (a^ + a .^)/2 and
+ is the reduced mass. In tracer diffusion
experiments of species i diffusing in solvent j , equations 
(5.21) and (5.22) simplify to give:
< V I
RT(M. + M . ) i ^ #7 n
8£ .ai .a . .(a ) 2tt M .M .«7 13 13 ^ «7
3 y_ + m .) 4
---- ----- 2-] 3 (5.23)
2tt Af .Af. ^ 3
where, as before, 7 is the molar volume of the bulk liquid. 
However, as in self-diffusion, the high-density Enskog tracer 
diffusion coefficient still needs correction to take account
of the backscattering and vortex motion present in dense
41 42fluids. Computer-calculated results can again be used
for this purpose although the correction factor 
T TC = ( ^ s H S i s  now a function of the solute/solvent
ratios °^/°j and AH/Mj as well as V^ . Czworniak, Andersen 
43and Pecora were able to represent all the available 
30 42 44computer data ’ ’ through a polynomial expansion in the
form:
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C = C(X>c^/a. Mi/M.,xi ^ 0>
0.840 - 7.69 (x - 0.463) - 32.3 (x - 0.463)
+ 0.299 ln (M./M.) - 0.165 tin (M./M.)]2  ^ 3 I' 3
a . a .
- 0.200 (-^ - 1) + 0.336 [In (M ./M .) ] (-^ - 1)
J 1 J «7
a .
- [7.80 In (M./M.) + 5.33 (—  ^- l)](x - 0.463),
1 3 °3
(5.24)
where x is the packing-fraction defined by:
x = i[|w(f )3]/7m
ttC .a? J J (5.25)
where £,j still denote the solute and solvent respectively. 
By analogy with the rough hard-sphere equations for self­
diffusion, we therefore obtain:
(zW i  = V W <  = 57. in> *< ^ °>
3 3
E>i,
(5.26a)
or, since no confusion should arise, more simply: 
^RHS = ADCDE * (5.26b)
THowever, in order to evaluate Z?E it is necessary to calculate
the unlike radial distribution function at contact g^^{o) for
the system since this contribution is not accounted for by
+the correction factor C. Both Czworniak, Andersen and
43 42Pecora and Alder, Alley and Dymond have suggsted methods
for the approximate calculation of the method of
Alder et al. being chosen for this work. Nevertheless
+In the equations for self-diffusion the r.d.f. was 
accommodated in equation (5.14).
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several comparison points were calculated by both methods 
and their agreement for the value of was found tö
be good. Briefly, the necessary equations in the limiting 
case x . 0 reduce to:
. t v w <°> » I .
«  2°il
with c.. = (a.+c.)/2. The r.d.f. g . .(a) (solvent) and 1*3 'i' 3 3 3
g^^(o) (solute) are calculated from:
. (2 - X)
(5.27a)
g 3 3 { 0 ) 2(1 - X)
(5.27b)
and
a;x
(1 x) 2(1 - x ) V
[3 + a;x
( i -  x ) a j-
(5.27c)
Equating the experimental tracer diffusion coefficients 
Twith , the values of A w e r e  evaluated pointwise for the
two tracer systems studied in this work, deriving the 
necessary hard-sphere diameters a^ and a^. from table 5.6. As 
expected, the coupling constant was found to be temperature 
dependent as shown in table 5.7, but in each system it also 
showed a slight dependence on density. The reason for this 
behaviour may be deduced from figures 5.2 and 5.3 which 
compare the self- and tracer diffusion coefficient curves as 
a function of molar volume at 298.2 K. It can be seen that 
the functional form of equation (5.26) does not exhibit 
quite the same molar volume dependence as the experimental 
results; the pattern of deviation between the experimental 
and theoretical curves being similar for both systems. The
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Figure 5*2 Comparison of the rough hard-sphere theory
-------- for self- and tracer diffusion with
experimental results at 298.2 K : 
measurements in acetonitrile.
▲  tracer diffusion: CH.OH/CH.CN
self-diffusion : CH„CN
D L ( A  = 0.542)
1 // ____I____,____I____,____I____,____I___
40 43 46 49 Vm/cm3mol“1
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Figure 5-3 Comparison of the rough hard-sphere theory
-------- for self- and tracer diffusion with
experimental results at 298.2 K : 
measurements in methanol and deuteromethanol.
A tracer diffusion: CH CN/CH,OH
self-diffusion : C1L0H
O  self-diffusion : CH_OD
39 Vm/cm3 mol29 31 33 35 37
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Tchoice of an intermediate value of A^ enables to
reproduce the diffusion data to within two or three per •
cent, although the representation is not as good as in the
self-diffusion curves also shown in the figures.
Nevertheless this does not necessarily imply that the rough
hard-sphere theory is inappropriate for tracer diffusion.
The original molecular dynamics results for tracer
diffusion vary in their reliability between 1% and 10% and
the points are widely-spaced over intervals of a./a.,“V Q
M^/Mj and V^/V^ (equivalent to x)* Hence, the errors in 
equation (5.24) for the parameter C could easily exceed the 
quoted experimental errors in the diffusion measurements. 
Certainly, within its present limitations, the density 
dependence of the rough hard-sphere approach can at least 
be said to be fairly consistent with the high-pressure tracer 
diffusion coefficient curves.
Table 5.7 Translational-Rotational Coupling Constants, 
Ap, for Tracer Diffusion Results
T = 283.2 K T = 298.2 K T = 313.2 K
14CH3OH/CH3CN 0.51 (±0.02) 0.54 (±0.02) 0.56 (±0.04)
14CH3CN/CH3OH 0.24 (±0.01) 0.28 (±0.01) 0.31 (±0.01)
However, what is most notable about the results obtained 
for the Ap parameter in table 5.7, is the significant 
difference between the values for the two systems at each 
temperature. In each case the tracer diffusion coefficients
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represent the limiting values in composition of the mutual
diffusion coefficient in the binary mixture:(methanol
43 45+ acetonitrile,). Previously, ’ A for the mutual
diffusion coefficient has been assumed to be independent
of the mixture density and, therefore, of its composition.
38Woolf and Harris have tested this assumption and found 
it to hold satisfactorily in several non-polar mixtures, 
although the coupling constants for the intradiffusion 
coefficients were shown to vary with mole fraction. 
Nevertheless the above results would indicate that the 
assumption of a constant A value for mutual diffusion is 
not valid in certain systems, and should be avoided in 
the interpretation of such results with the rough hard- 
sphere theory.
5.6 Analysis of results: correlation approach
While the rough hard-sphere theory can be used to
reproduce (to a greater or lesser extent) the diffusive
4 8behaviour of dense fluids, Dymond has suggested an 
alternative correlation method for the representation of 
experimental results over a wide range of density and 
temperature. Using an expression similar to equation (5.11), 
he re-defines the reduced diffusion coefficient D* as:
rn 2/3(_§£_) (— 2L)
oD°’ \ c V>
 ^ m
(5.28)
where D is now the experimentally-determined diffusion 
coefficient and replaces of the original equation. The
other paramters retain their definitions from section 5.4 
(equations (5.9), (5.10), and (5.12)) so that on substitution
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the above expression then becomes:
P* i/2 Dc  ^RT 1/3 (5.29)
m
8 —1/3with c' = 5.02g x 10 mol 1 in accordance with equation 
(5.16) for self-diffusion. Equally, equation (5.28) may be 
applied to tracer diffusion by taking the low-density 
diffusion coefficient D° from equation (5.23) and by 
extending the definition of 7 ^  for tracer experiments to 
the form:
)
L(o . + a .)3 
£_____ a
8/2
(5.30)
In this way the correlation approach takes account of the
classical dependence of the diffusion coefficient on mass,
temperature, etc,, but does not impose any specific model on
the variation of D* with molar volume. If P* is plotted as
a function of 7 /7cp (7cp being calculated, for example, from nr m m
the self-diffusion hard-sphere diameters a given in section 
5.4) all the isotherms should in principle be able to be 
superimposed on a common curve. In practice, the values of
CD7m generally require minor adjustment to minimize the
individual variations of the isotherms from the fitted
equation, but straightforward iteration results in a self-
consistent set of values for 7°^. Furthermore, since eachm
isotherm usually corresponds to a slightly different range of
Vm/ V ^ , the fitted curve for D* is improved and extended by
the supposition of results from several temperatures.
The correlated values of 7C^ for the self- and tracerm
diffusion measurements are shown in tables 5.8 and 5.9 
respectively. For the self-diffusion of acetonitrile it can
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Table 5.8 Close-Packing (correlation) Volumes for 
Self-Diffusion Results.
7 ^ ( T ) /cm^ mol
T/K c h 3cn c h 3o h c h 3od
253.2 — — 24.0
268.2 30.2 - 22.8
283.2 29.7 21.4 21.9
298.2 29.2 20.4 20.9
313.2 28.9 19.4 19.9
328.2 28.7 (18.5) + 18.8
Coef ficient s^
ai -0.4292 -0.08705
a2 0.1799 0.00804
a3 0.103g 0.0494c 6
Table 5.9 Close-Packing (Correlation) Volumes for Tracer 
Diffusion Results
U ^ ^ - m l / c i n 3 mol-1
T/K (14c h 3o h /c h 3c n ) (14c h 3c n /c h 3o h )
283.2 24.9 25.2
298.2 24.6 24.6
313.2 24.3 24.0
Coefficients^
ai 0.07312 0 .,0854p. 5
a2 - 0.3412 -0.362g
a3 0.197g 0.2581
From one point only.
See text for explanation of coefficients , a^, cl3
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be seen that the close-packed volumes derived from the
3 -1correlation approach are within ±0.3 cm mol of those *
obtained from the rough hard-sphere theory (table 5.6),
and that all the results are well-represented by a common
curve as shown in figure 5.4. In fact, over the five
isotherms included in the D* vs 7 /7C^ plot for acetonitrile,nr m
only two points differ by more than two per cent from the 
fitted equation, and none deviate by more than three per cent. 
The results may, therefore, be represented by a simple 
quadratic equation such that:
D* (T,V ) = a + a (----“- - ) + a (- m 2^ (5.31)
where , ag, a3 and are taken from table (5.8). For
methanol and deuteromethanol the self-diffusion results can
both be represented by a single curve as illustrated in
figure 5.5. Here the measurements show greater scatter about
the fitted equation than for acetonitrile, but the values are
+generally reproduced to well within five per cent, the values
for F^P (T) and the coefficients for equation (5.31) again
being given in table 5.8. It can be seen, however, that for
both substances the variation of 7^P with temperature is much
greater than that predicted by the rough hard-sphere theory.
cpNevertheless such a result is to be expected, since 7m is 
now accommodating the temperature dependence of the hydrogen­
bonding. Hence, the values of 7 ^  for these liquids can be
+The experimental results for methanol and deuteromethanol 
were also treated separately by this approach, but only a 
slight improvement in the representation of the results was
achieved.
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treated more reasonably as merely correlation volumes, although, 
considering the limitations of the approach, the overall 
representation of the results is still encouraging. Also 
included in the figures are the reduced diffusion coefficient 
curves predicted by the smooth hard-sphere model and
the rough hard-sphere model Z? at appropriate values of the 
coupling constant. The behaviour of these curves with respect 
to the experimental line will be discussed more fully in the 
following section.
The reduced diffusion coefficient curves for the two 
tracer systems are shown in figures 5.6 and 5.7, and in each
CDcase can be seen to lie at values of V /V somewhat differentnr m
to those defining the reduced self-diffusion curve of the pure 
solvent. However, this wide separation of the curves along
CDthe abscissa is simply a reflection of the definition of Vm
for tracer systems. In order for equation (5.28) to be
independent of , 7 ^  for a hard-sphere tracer system must
be written in the form of equation (5.30). According to this
definition, then represents the local close-packed
volume in the region immediately surrounding the solute
(tracer) molecule but, as illustrated by the extrapolation of
the self- and tracer diffusion results in figures 5.2 and 5.3,
it does not represent the molar volume of close-packing for
Tthe bulk liquid at which D =0. For the two tracer systems 
studied in this work it would appear that the close-packing 
volume for which the tracer diffusion curve extrapolates to 
zero is much closer to that obtained from the self-diffusion 
results of the pure solvent. Therefore, as before, the values 
of 7^P given in table 5.9 can be better thought of as
P  C
C -H O
o  o o
•H C *H
<D P  C
O <D
4-1 trt
•H p
<D P OU gO P
oc: p
Ö o
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<UO 6
+-> -H
<u o o
•H 4->o <u e
•H O  O
0> £  O
O <D C
O  -P 3
O  -M <U
T3 ?-l
0) O C
OS 4-1 -H
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temperature-dependent correlation volumes and, providing
CDthe significance of is kept in mind, equations (5.28)
and (5.30) can be used to reduce tracer diffusion results to 
a common curve within experimental error.
5.7 Conclusion
In the preceding sections several methods have been 
considered for the interpretation of the self- and tracer 
diffusion measurements carried out on acetonitrile and methanol 
during this work. Molecular interactions in such systems 
cannot in any sense be regarded as simple or even symmetric, 
so that these liquids represent a strenuous test of current 
theories for transport properties in dense fluids. The rough 
hard-sphere model has proved a relatively successful 
development of the corrected Enskog theory as applied to high- 
density systems and requires the determination of only two 
parameters - the coupling constant A^ and the volume of close­
packing 7cp - to define the diffusive behaviour of a liquid, m
In its strictest form the rough hard-sphere theory requires AD
to be independent of the density and temperature, although
there is now evidence that this requirement fails for some
48fluids at very high number densities. Also, as in this work,
temperature dependence of the coupling constant has been 
30 40observed; ’ the reason for which can be generally deduced 
from figures 5.4 and 5.5. In terms of the reduced diffusion 
coefficient it can be seen that when results are combined over 
a wide range of temperatures, the m^/^m dependence of the 
experimental and rough hard-sphere curves is somewhat 
different. Agreement can only be achieved, therefore, over a 
limited range of by the use of a temperature-dependent
173
coupling parameter. Nevertheless the need for the variation
of Ap with temperature can be qualitatively interpreted,•but
Ap also appears to be sensitive to molecular shape. Even so,
the volumes of close-packing (obtained in the rough hard-
sphere analysis by extrapolation of the self-diffusion data
to D= 0) yield values of the hard-sphere diameter a which are
consistent with calculated van der Waals radii^ for CH^CN and
49 50CH^OH molecules. * In addition, the hard-sphere diameter
predicted for CH^OH is also in good agreement with that
51derived from gas solubility data.
Interpretation of the experimental measurements with
activation analysis theory, however, is less satisfactory.
The activation energies shown in tables 5.5 show dependence
on pressure (density) and/or temperature so that predictions
much beyond the range of the present results would not be
reliable by this method. The pressure dependence of the
isobaric activation energies provides no sensible basis for
interpretation and, furthermore, the significant activation
volumes obtained in table 5.5c would imply that the use of
isochoric activation energies is also inappropriate.
For prediction of diffusion data over extended ranges
of temperature and pressure, the correlation approach
48suggested by Dymond would appear to be more successful, 
although it does not lead to a model of any specific physical
^In fact for both molecules a/2 is slightly less than the van
49der Waals radius r^ as calculated by the methods of Bondi 
50and Edward. However, the formal definition of rTiT does notw
represent the actual radius of closest approach for two
50molecules, which is usually a little smaller.
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process. Nevertheless the method is successful in accurately 
reproducing the experimental results for acetonitrile and the 
two tracer systems while, for methanol and deuteromethanol, 
there is slightly greater scatter in the curve-fit 
particularly for the lower isotherms. Even so, given that 
there is an additional temperature-dependent contribution 
from the hydrogen bonding, the complete supposition of 
isotherms over a wide range of temperatures could only be 
regarded as fortuitous.
Finally, one approach which was attempted for the 
results and which has not been reported separately in this 
chapter, was a free-volume equation of the type:
In ( D */V1 ^3 ) = A* - B* 7°P/(7 - 7°P). (5.32*)v / m y m / v m m y v '
48The form of this equation was suggested by Dymond and
follows closely the expressions for the fluidity 4> (4> = 1/n,
52where n is the viscosity) discussed by Hildebrand ~ for 
non-associated systems. Here A * and B* are empirical constants 
supposedly independent of temperature and molar volume. When 
this equation was applied to the present results, however, 
both parameters were found to be temperature dependent so that 
little at the present stage can be said regarding the 
application of this approach to polar or associated systems.
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CHAPTER SIX
DEVELOPMENT OF A HIGH-PRESSURE DILATOMETER 
6.1 Introduction
On several occasions in the earlier chapters of this
work, considerable emphasis was placed on the importance of
having reliable compression data available for the liquids
under study. These data are necessary,not only for the
effective interpretation of the transport coefficient
measurements, but are also a prerequisite for the correct
operation of the high-pressure diaphragm cells. A search
of the literature shows that over the years there has been
a wide variety of designs reported for apparatuses to
+measure the pVT behaviour of liquids ; but, despite the 
large number of methods employed, there are still only 
limited data available at high pressures for many of the 
liquids of current theoretical interest. Consequently, it 
was decided to undertake the construction in these 
laboratories of a high-pressure dilatometer, in order that 
pVT results could be obtained for liquids in the temperature 
and pressure ranges currently accessible with the diffusion 
apparatuses. The design and construction of the pressure 
vessel, piezometer and ancillary equipment had, to a large 
extent, been completed prior to the work reported here; the
+An extensive review of the various techniques and instruments
applied to pVT measurements on liquids has been carried out
1 2 by Whalley. Earlier accounts are available due to Bridgman,
3 4 5Hamann, Levelt Sengers, and Verbeke and Van Itterbeek.
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present author's contribution was primarily in the 
development and calibration of the detection system 
described in section 6.3. Of necessity some modifications 
to the instrumental design were also carried out, as well 
as a preliminary calibration of the bellows piezometer.
These latter results are discussed in section 6.4.
6.2 General description of the dilatometer
As implied above, the method chosen for the liquid 
compressions was to use a flexible metal bellows
0
piezometer; a technique first introduced by Bridgman in
1931. Since that time the method has been employed by a
7 8 9number of workers ’ * and an accuracy of a few hundred
parts per million in the relative volumes has been achieved 
at pressures of several hundred megapascals. The technique 
has two particular advantages in that (i) corrections for 
the dilatation of the apparatus with pressure are relatively 
small since the cell is contained entirely within a pressure 
vessel, and (ii) that the contained liquid is conveniently 
isolated from the compressing fluid. The main disadvantages 
arising from the use of metal bellows are due to hysteresis 
effects on the contained volume"^ and a variability in the 
cross-sectional area as the bellows is compressed through 
its length.“^  In the piezometer used for the present 
apparatus the enclosed volume has been purposefully made 
larger than most previously reported cells in order that the 
uncertainties arising from the bellows displacement are 
minimized. The increased cell volume requires some additional 
time to achieve thermal equilibrium after each compression,
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but this limitation is readily offset by the advantages of 
overcoming small variations in the bellows’ behaviour.
Compression of the piezometer is observed by means of
a linear variable differential transformer (l.v.d.t.) which
follows the position of a soft iron core attached to the
bellows section. The l.v.d.t. can detect the core directly
through the wall of the pressure vessel, so that internal
wiring or leadthroughs are unnecessary in the present design.
The core position can then be measured by moving the external
l.v.d.t. windings - with the aid of a micrometer head - until
a null voltage is re-established with the core centred
+between the coils again ; in this way, the bellows' movement 
is measured directly in terms of the l.v.d.t. displacement.
A more detailed description of this detection system will be 
given later in this section and also in section 6.3.
The essential features of the design for the dilatometer 
are shown to scale in figure 6.1. The enclosure vessel, as 
illustrated, consists of two parts: the main section 
containing the piezometer is fabricated from 17-4 PH stainless 
steel (precipitation-hardened at 770 K; tensile strength 
^ 1.71 GPa) and is similar in most respects to the pressure 
vessel designs described in section 2.3. The lower, narrow- 
bore section of the vessel, which is used to guide the l.v.d.t. 
core, is made from 316 stainless steel and screws directly 
into the base of the upper vessel using a metal-to-metal cone
•j*Some workers have contained the l.v.d.t. detector inside the 
pressure vessel and determined the core position by using the 
output voltage of the secondary windings (see section 6.3). 
However, because of the large travel associated with the bellows 
in present piezometer, it was thought that null detection 
would prove more reliable for this purpose.
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seal. Both sections of this enclosure vessel are thermostatted. 
A sealed water (or oil) bath is used to house the main body 
of the dilatometer, while the lower section of the vessel 
protrudes through the base of the bath (via an O-ring seal) 
and is surrounded by an air thermostat. Typical temperature 
control in the liquid bath is within ±5 mK and a platinum 
resistance element placed inside the piezometer indicated that 
fluctuations are dampened to better than ± 1 mK at the centre 
of the cell. Because of heat conducted between the two baths, 
however, the air thermostat temperature depends slightly 
upon that of the main bath, although, in general, the air 
bath can be set at a constant temperature in the range
+303 K to 308 K, with typical fluctuations of around ±0.1 K.
The l.v.d.t. windings are also enclosed in this air bath.
The piezometer used in the present apparatus is shown 
more clearly in figure 6.2. It consists of an upper, rigid 
body turned from 316 stainless steel and two metal bellows 
(Metal Bellows Corporation, USA), which are welded 
successively to the bottom of the body. These bellows are
tFor more extreme temperatures in the liquid bath, a close- 
fitting coil of copper tubing was slid over the bottom part 
of the pressure vessel and positioned near the base of the 
main bath. Thermostatted liquid was then pumped through the 
coil to reduce the thermal load on the air bath. Although 
temperature gradients were always present in this region, 
providing they remained constant the measurements of the 
cell compression were unaffected.
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Figure 6.2a The high-pressure bellows piezometer.
a. top cell-plug
b. stainless-steel body
c. hydraulic fluid channel
d. bellows guide
e. stainless-steel bellows
f. bottom cell-plug 
^ g. fibreglass rod
h. l.v.d.t. iron core
i. screw-thread attachment
j. fluted guide-collar
t(see figures 6.2b and c)
Figure 6.2(b&c) Photographs o f  d i l a t o m e t c r  c e l l .  Legend as in f i g u r e  6.2a .
similar to those used for the high-pressure diaphragm cells 
(Chapter Two), and again have only a negligible spring 
constant. Also, like the pressure cells, the piezometer 
bellows travel longitudinally within a stainless steel 
guide and can be fastened to it with retaining screws for 
filling and cleaning purposes. The top and bottom closure 
plugs of the cell both employ metal-to-metal cone seals 
and the bottom plug also carries the l.v.d.t. core via a 
detachable fibreglass rod. The core is attached to the rod 
with an epoxy adhesive and is guided within the pressure 
vessel by means of an insulating, epoxy-resin collar shown 
towards the bottom end of the fibreglass probe. The 
available travel of the present bellows system is around 
40 mm, while the total volume of the cell is approximately 
64 cm^.
Pressurization of the apparatus was carried out using 
a conventional high-pressure hand pump through the top 
connection point shown in figure 6.1. Finer control of the 
pressure was then obtained by means of a screw injector 
and it was monitored continuously using a Heise (Newtown, 
Conn., USA) 0-250 MPa Bourdon tube gauge. The gauge had 
been certified over its full operating range in 12.5 MPa 
intervals against a dead-weight piston gauge and had an 
overall accuracy of ±0.1% of the full-scale reading. Other 
pressure fittings and components were similar to those 
already mentioned in Chapter Two. To avoid viscosity 
problems, however, especially at the lower temperatures, 
the normal hydraulic oil was replaced with a low viscosity 
liquid (Plexol hydraulic fluids, Pressure Products
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Industries, USA) and two shallow grooves were milled into 
the outside face of the piezometer to allow an easier 
passage of the fluid to the bellows. Otherwise, if too 
great a pressure differential developed across the top of 
the cell, it tended to induce a small leak through the 
seat of the top plug, particularly during a compression of 
the piezometer.
The l.v.d.t. used in this work was a matched pair of 
core and coil windings obtained from Schaevitz Engineering 
(Camden, N.J., USA; Type 253 XS-A). As with most 
differential transformers, the linear response of the output 
voltage for this detector is only available for a very 
limited range of core displacements - in comparison to the 
body length - even under ideal conditions. For this reason 
in particular, the l.v.d.t. was used in conjunction with a 
micrometer head to obtain null positions directly, in 
preference to using the output signal as a measure of the 
bellows' movement. In fact, because of the difficulty in 
aligning the core centrally in the coil, the output 
voltage was found to be parabolic over the entire range of 
operation with only a poorly defined minimum. (The 
technique adopted to obtain the null position from this 
signal is discussed more fully in the following section.)
The micrometer head used to move the l.v.d.t. was mounted 
externally to the air bath and had a normal travel of
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1 inch (25.4 mm)^ *, with a resolution of ±0.00002 in (0.5 ym). 
This latter specification is also consistent with the 
limiting l.v.d.t. sensitivity.
6.3 Description and calibration of the detection system
Like any transformer, the basic principle of operation 
for an l.v.d.t. detector requires that an a.c. potential be 
applied across its primary coil in order to induce the 
output signal in the secondary windings. The level of the 
induced signal is then dependent upon the degree of coupling 
between the primary and secondary coils and, therefore, 
responds directly to the position of the iron core (or other 
magnetic material) inside the detector. However, it was 
found during the early stages of the calibration of the 
dilatometer, that the null position obtained with the l.v.d.t. 
depended strongly upon both the frequency and amplitude of 
the input signal. The exact reason for these effects was 
uncertain, but it appeared to be due to a non-symmetric 
coupling through the pressure vessel between the core and 
the coil windings of the transformer. The normal operating 
frequency for the l.v.d.t. was around 2.5 kHz and, in the
-f*At the time of construction of the dilatometer, the only 
readily available micrometer head with sufficient accuracy 
was one calibrated in Imperial units. Since the displacement 
units do not enter into the final liquid compression 
measurements, various tolerances, etc., associated with the 
detection apparatus will be quoted for reference purposes as 
both Imperial quantities, and their SI equivalents.
188
original detector design, the oscillator was based on R.C. 
circuitry. The long-term stability of this type of circuit 
is limited though to a few hertz and, after several 
modifications, it was decided to replace the frequency 
source with a design based on a quartz-crystal oscillator .
The necessary primary input is then obtained by using a 
frequency divider, filtering the resulting signal to obtain 
a pure sinusoidal waveform and passing it through a potential 
divider and amplifier on to the l.v.d.t. This circuitry is 
shown schematically in figure 6.3 and is intended to provide 
a signal of very stable frequency with a variable amplitude.
In the present system the crystal oscillator operates at 
1297.92 (±0.02) kHz which is then divided by 512 and filtered 
to give a sine wave at 2535 Hz, stable to better than ±0.1 Hz. 
For reasons discussed below the output level to the l.v.d.t. 
was set at 6 V and, in the null position, the secondary 
windings gave a residual potential of around 50 mV. The 
signal from the secondary coils also contained a number of 
harmonics and for detection purposes it was more convenient
to pass this through a tuned amplifier and retrieve the
ftfundamental frequency at a level of around 1 V . This
The design and construction of all the electronics associated 
with this part of the detection system was undertaken by Mr 
P J Back of these laboratories. His generous assistance in 
this regard is gratefully acknowledged by the author.
ftMeasurements can be (and were ) made on the induced signal 
directly from the secondary coils, but various voltmeters 
responded differently to the presence of the harmonics. The 
displacements obtained for the core movement, however, were 
always the same irrespective of the measuring instrument.
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190conditioned signal was then monitored on a high-resolution 
digital multimeter. It was also necessary to thoroughly 
shield all the connecting wires to the l.v.d.t. in order to 
minimize coupling and interference effects between the 
primary and secondary lines.
In the vicinity of the null position the induced 
potential from the connected secondary coils was found to 
be close to parabolic with displacement of the core, and 
had a broad minimum which could not be adequately resolved 
even with the 54 digit resolution available on the multimeter. 
(J. Fluke Mfg. Co., Wa, USA, No. 8100A). Consequently, the 
null position was determined by measuring the positions of 
a fixed potential value, some distance from the minimum, on 
both arms of the parabola as shown in figure 6.4. The mid­
point of the two displacements was then taken as the true 
null position of the detector and it was found to be highly
Figure 6.4 Determination of null position x from the 
output signal of the secondary coils Ug
191
i*stable and reproducible providing certain factors, which 
are discussed below, were taken into account.
As mentioned above, the null position derived from 
the l.v.d.t. was found to be very dependent upon the a.c. 
potential being applied to the primary coil. Below about 
3.5 V this dependence became particularly steep and the 
sensitivity of the system dropped away dramatically. At 
higher input levels the null dependence on the potential 
became more gradual, although it could not be eliminated 
entirely even at input signals approaching 10 V rms. With 
such potential differences across the primary coil, heating 
effects (see below) became apparent and it was decided to 
choose an intermediate value of 6 V as the most reasonable 
compromise. In this region the null dependence on the 
primary coil potential was close to linear and over the 
range 5 V - 7 V could be represented by:
3x
^ 0.0033 in V"1 (84 pm V-1),T
where xn represents the null position and the rms potential 
applied to the l.v.d.t. This may be compared with the
11frequency dependence under the same conditions given by :
tOriginally the null position was determined using phase 
sensitive detection, but the phase null cycled with respect 
to the amplitude null over a period of several days. It was 
also susceptible to radial movement of the core and to the 
presence of other instruments coupled to the detector, 
ftThe signs for these variations are arbitrary in the sense 
that they relate to the direction of operation for the micrometer 
head. For the configuration shown in figure 6.1 the 
displacement reading increases as the l.v.d.t. is lowered.
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— ^ - 0 .0 0 0 1 5  i n  Hz ( - 3 . 8  ym s ) .9v
S in c e  t h e  f r e q u e n c y  i s  s t a b l e  t o  b e t t e r  t h a n  ±0.1 Hz and 
t h e  v a l u e  o f  was e a s i l y  m a i n t a i n e d  w i t h i n  ±10 mV, t h e  
combined e r r o r  o f  t h e s e  two p a r a m e t e r s  w i l l  be i n  t h e  
v i c i n i t y  o f :  ±0 .00005  i n  ( 1 .2  ym ). T h i s  u n c e r t a i n t y  i s  o f  
t h e  same o r d e r  a s  t h e  r e s o l u t i o n  o f  t h e  d e t e c t o r  and i s  
s u f f i c i e n t l y  s m a l l  t o  e n s u r e  t h a t  t h e  r e s u l t s  w i l l  r em a in  
c o n s i s t e n t  o v e r  an e x t e n d e d  p e r i o d  o f  o p e r a t i o n .
A nothe r  e f f e c t  w h ich  c o n t r i b u t e d  t o  t h e  u n c e r t a i n t y  in  
d e t e r m i n i n g  t h e  n u l l  p o s i t i o n  was t h e  e f f e c t  o f  t e m p e r a t u r e  
on t h e  l . v . d . t .  I n i t i a l l y ,  t h e  lo w er  p o r t i o n  o f  t h e  
p r e s s u r e  v e s s e l  and t h e  t r a n s f o r m e r  w in d in g s  were  exposed  
t o  t h e  room t e m p e r a t u r e  f l u c t u a t i o n s  and ,  a l t h o u g h  t h e  
l a b o r a t o r y  was a i r - c o n d i t i o n e d ,  ( t o  ±2 K w i t h  a r e l a t i v e l y  
s h o r t  c y c l e  t im e )  t h e  v a r i a t i o n  i n  t h e  n u l l  p o s i t i o n  was 
r e a d i l y  o b s e r v e d  w i t h  any d r i f t  i n  t h e  mean t e m p e r a t u r e  o f  
t h e  s u r r o u n d i n g s .  The lo w er  s e c t i o n  o f  t h e  p r e s s u r e  v e s s e l  
was, t h e r e f o r e ,  e n c l o s e d  w i t h i n  an a i r  t h e r m o s t a t  so  t h a t  
t h e  t e m p e r a t u r e  v a r i a t i o n  c o u ld  be c o n t r o l l e d  more c l o s e l y  
( ± 0 .1  K) w h i l e  t h e  mean t e m p e r a t u r e  re m a in e d  v i r t u a l l y  
c o n s t a n t .  The a i r  w i t h i n  t h e  p e r s p e x  e n c l o s u r e  ( s e e  f i g u r e  
6 . 1 )  was s t i r r e d  v i g o r o u s l y  w i t h  a s m a l l  f a n  b lo w in g  a c r o s s  
a h e a t i n g  e le m e n t  d i r e c t l y  on t o  a t h e r m i s t o r  b e ad .
T e m p e ra tu re  s t a b i l i t y  was t h e n  m a i n t a i n e d  u s i n g  a p r o p o r t i o n a l  
c o n t r o l l e r  and m o n i to r e d  i n d e p e n d e n t l y  w i t h  a p l a t i n u m  
r e s i s t a n c e  e l e m e n t .  U s ing  t h e  a i r  b a t h  t o  v a r y  t h e  
t e m p e r a t u r e  o f  t h e  l . v . d . t . ,  t h e  n u l l  d ependence  was found 
t o  be  l i n e a r  i n  t h e  w o rk in g  r a n g e  299 K t o  308 K su ch  t h a t :
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9 oc
'v -0.00043 in K_1 (-11 pm K_1),
which is approximately twice that expected from the isobaric 
expansivities of the exposed materials. Consequently, it 
appears that the l.v.d.t. also responds to temperature 
variations (probably for much the same reason as was 
suggested earlier for the frequency and amplitude dependence) 
although, for a variation of ±0.1 K, the uncertainty is only 
±0.00004 in (±1 pm). However, since the temperature cycle 
for the thermostat was reasonably short 100 s) and the 
heat capacities of the pressure vessel, eta., are much 
greater than that of the air bath, the variation due to 
temperature will normally be considerably smaller than this 
calculated value.
One final point should be made with regard to the
susceptibility of the differential transformer to stray
magnetic fields. In an adjacent laboratory an apparatus was
being operated which required a local magnetic flux density
of around 2 tesla. Although this instrument was at some
distance from the dilatometer, the field was not well contained
and severely disturbed readings on the l.v.d.t. when it was 
+in operation . Tests with smaller, local, fields showed that 
the l.v.d.t. would be disturbed by the proximity of any 
magnetic source, although, as long as the field remain constant, 
the induced offset would not alter any measured displacements 
made in its presence. Consequently, as a precaution, it is
•f*The source of this disturbance was, for a considerable time, 
untraceable; particularly so since the detector returned to 
normal when the field was shut off.
important to remove all magnetizable material left in the 
vicinity of the l.v.d.t. prior to making compression 
measurements with the present apparatus.
6.4 Preliminary calibration of the bellows piezometer
Providing the cross-sectional area for the bellows of 
the piezometer remains constant, the change in volume of 
the cell, A7, will be directly proportional to the change 
in length of the bellows as the contained liquid is 
compressed. The volume of the sample 7 at pressure p is 
given, therefore, by the relation:
7 = 7 - A7 = 7 - A{xn - x ), (6.1)p a  a a p
where 7^  is the liquid volume at atmospheric pressure and A
is the cross-sectional area of the bellows. The term
- Xp) then represents the change in length of the bellows
with xa and x as the core positions at atmospheric pressure
and pressure p respectively. Dividing equation (6.1)
throughout by 7 , the compression ratio k for the liquid is
obtained:
7/7 = 1 - 4~{x - x ),p' a V a pr a r
(6.2)
and is the same as the parameter originally introduced in 
equation (2.11) for the pressure cells. Alternatively, a 
related property - the liquid compression K - may be defined'
7 - 7a____p_
- V ’a r (6.3)
and this quantity is also commonly employed to express pVT 
measurements for liquids. Either parameter is convenient 
for use with the dilatometer and, by virtue of their simple
195
relationships to the measured displacements, any non-linearity 
in the behaviour of the bellows or detector system can be 
deduced early in the calibration.
However, before proceeding to measurements involving 
movement of the bellows directly, it is necessary to correct 
for the core displacement introduced by the dilatation of 
the pressure vessel. Furthermore, the compression of the 
fibreglass probe - and also of the cell body itself - will 
both add measurable contributions to the core movement. To 
determine these corrections the piezometer was assembled in 
the pressure vessel leaving the bellows screwed firmly to the 
base of their guide with the top plug removed from the cell.
The system was then pressurized throughout the entire working 
range and the null position followed during both compression 
and decompression cycles. This experiment was repeated at a 
number of different temperatures and all the results were 
found to be consistent within the normal reproducibility of 
the points (±0.0001 in, (±2.5 ym) ). The final set of 
results (comprising some 65 measurements) showed a slight
+curvature with pressure and were represented by the equation :
104(AaKp)/in) = -1.0950(p/MPa-0.1 )* - 1.1472(p/MPa-0.10),
(6.4a)
or
10i *3(Ax(p)/mm) = -2.7812 (p/MPa-0,1Q)* - 2.9138 (p/MPa-0.1Q),
(6.4b)
iAgain, the sign of this change in the null reading is
governed by the direction of the scale on the micrometer head. 
Explicitly, the dilatation of the pressure vessel, etc., causes 
the null position to move upwards, i.e. a decrease in the 
micrometer reading.
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The maximum value of kx measured at 250 MPa was -0.0304 in 
(-0.772 mm).
Calibration of the piezometer was carried out with
12water at 298 K using the results of Grindley and Lind
(available up to 800 MPa) and the revised data of Kell and 
13Whalley (up to 100 MPa). After conversion to values of 
the compression ratio k, these two sets of measurements 
showed good agreement (Ak ^ ±0.00002) up to 50 MPa, but 
progressively deviated to Ak ^ ±0.00006 at 100 MPa. Over 
this pressure range, therefore, average values were taken 
between the two sets of data; the uncertainties being 
sufficiently small so as not to influence the calibration
4. '
result. A sample of highly pure water was obtained1 which 
had been triply-distilled in pyrex glassware and re-distilled 
a fourth time by slow condensation of vapour in a quartz still. 
The sample was kept in polyethylene vessels which had been 
previously boiled to remove soluble impurities. A similar 
boiling treatment was also applied to the piezometer itself 
in order to remove any soluble (particularly inorganic) 
surface contamination. Prior to filling the cell, the water 
was partially de-gassed by gentle boiling in a polyethylene 
flask inside an oven at 373 K for 8 hours and then subjected 
to further boiling under reduced pressure. The piezometer 
was filled using a similar technique to that employed for 
the pressure cells (see section 2.5) but, before detaching 
the glass reservoir, the cell was equilibrated at 298.2 K to
tBy courtesy of the Research School of Earth Sciences,
Australian National University, Canberra.
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ensure a reproducible liquid volume had been obtained.
After the piezometer had been sealed (torque setting used 
for both plugs was 4.5 N m) and assembled into the enclosure 
vessel, the dilatometer was pressurized to 240 MPa (40 MPa 
over the intended maximum measurement) and left overnight. 
This last procedure is designed to push the closure plug of 
the pressure vessel into position and to season the pressure 
gauge which otherwise tended to show hysteresis.
Due to the short time available, however, in which to 
complete this section of the work, only one compression and 
two decompression cycles were completed on the calibration 
sample. After correction for the vessel dilatation, etc., 
described by equation (6.4), the results from each 
experimental series were found to be linear in accordance 
with equation (6.2) and in very close agreement. The 
linearity of the measurements can be seen in figure 6.5 and 
the results from each series yielded the following gradients:
run n (decompression), d k 
d x
= 0.13494 . -1 in , (5.3126 m X)
run #2 ( compression ),
Pd k 
da: = 0.13526
-1m  , (5.3252 m_1)
run #3 (decompression),
Pd k 
d x
V
= 0.13510 -1 m  , (5.3189 -1, m )
d'k AAverage value: = — (298.2
p v a
K) + = 0.13510 . -1 m  , (5.3189 m )
Unfortunately, the limitations of scale in figure 6.5 do
^At other temperatures the calibration constant is given by:
— (T) = — (298.2 K) x p(298?2 K)
a a
where p(T) is the density at atmospheric pressure and
temperature T of the liquid under study. There is also a
small correction to A for the expansivity of the stainless steel.
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Figure 6.5 Calibration of the bellows piezometer using the 
compression ratios k of water; linearity is in 
agreement with equation (6.2). The bellows 
displacement Xp is given relative to the 
micrometer head zero.’f*
(Numbers below the circles imply multiple calibration points)
12 20 22 Xp/ m m14 16 18
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not allow the individual variations of the results to be seen.
Consequently, a difference diagram was constructed for the
measurements, relative to the average of the three lines
given above, and based on the assumption that the errors
were in x rather than k. This diagram is shown in figure 
P
6.6 and indicates that there is a small, but consistent, 
variation with displacement for the bellows cross-sectional 
area. The core position was not determined at atmospheric 
pressure so that x for each experimental series was obtained
•f*by extrapolation'. In each case the value of xa was slightly 
different and varied by approximately ±0.0005 in (±13 pm). 
These differences are also reflected in the slight offset, 
with respect to one another, of the three sets of points 
shown in figure 6.6.
As a cross-check on the above water calibration, the 
compression ratios for acetonitrile were determined at 298.2 K 
and compared with the available literature values. The sample 
of acetonitrile was taken from the samples used for the 
freezing pressure measurements described in Chapter Four and 
de-gassed by repeated boiling under reduced pressure. In 
other respects the filling procedure was the same as that used 
for the water sample discussed above. Again, after assembly,
+ In fact, the determination of x is not required and is 
experimentally inconvenient. Since the cell is filled and 
equilibrated with the bellows fully extended to ensure 
reproducibility, measurements cannot be made at atmospheric 
pressure for temperatures above the equilibration temperature; 
at lower temperatures there remains the possibility of bubble
formation.
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run #2 • ( compression )
run #3 ® (decompression)
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o
Figure 6.6 Difference diagram for the water calibrations of the 
bellows piezometer. Points are shown relative to 
the average calibration line (see text).
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the dilatometer was pressurized and left overnight. Only 
one decompression and one compression cycle were carried out 
on this sample over the range 10 - 100 MPa and, as before, 
no measurement was made at atmospheric pressure. The 
micrometer readings were corrected according to equation 
(6.4) and then fitted directly to an equation of the form:
3
x = E A .p'* 1. (6.5)
P i=0 ^
It follows simply that:
dk
dp (6.6)
where (— ) is the calibration constant given above. 
a
Consequently, differentiation of equation (6.5) and
multiplication by the average calibration value results in
dkan expression for . Subsequent integration yields k
directly as a function of p with the constant of integration
being obtained from the condition that k = 1 at atmospheric
pressure (0.1Q MPa)^. In practice, of course, the
differentiation and re-integration of equation (6.5) is
unnecessary since it results only in a change in the constant
term of the polynomial in pressure. The compression ratio
may be written, therefore, as:
3
k = (y-)[ Z 4 ^ ]  + C, (6.7)
v a i=l
where the coefficients 4^.(except 4 ) are taken from equation 
(6.5) and C is the new integration constant.
+In terms of k, the liquid compressibility k may be written 
as:
1 dk
K k dp '
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For reference purposes the various experimental
values obtained from this procedure for the sample of
acetonitrile are shown in table 6.1. Also, the final
compression ratios may be compared with the values
14calculated from the results of Srinivasan and Kay which 
are included in the final column. These two sets of 
results are shown in figure 6.7 and it can be seen that 
the measurements from the present work exhibit a slightly 
stronger pressure dependence, although, even at 100 MPa, 
the agreement is still within ±0.1%.
6.5 Summary and conclusion
A high-pressure dilatometer has been constructed to 
determine the pVT behaviour of liquids under compression 
at pressures approaching 250 MPa. After a number of 
modifications to the design and the isolation of several 
sources of uncertainty, the apparatus has been developed 
to a point where reliable and reproducible measurements 
can be made on liquids at moderate temperatures. From the 
preliminary calibration work it would appear that the 
apparatus is capable of determining compression ratios to 
at least ±0.1% at 100 MPa and, since no sign of non-linearity 
was observed over the range of displacements covered to date, 
it is probable that the full operating pressure range can be 
achieved without significant increase in the uncertainty. 
Values of k known to within ±0.25% are adequate for operation 
of the pressure cells and are usually of sufficient accuracy 
to calculate the molar volumes of liquids for interpretation 
purposes. The following points have also been noted in
Table 6.1
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Experimental Values for the Compression of 
Acetonitrile at 298.2 K.
k , compression ratio
, uncorrected bellows displacement
x , corrected bellows displacement = x^ 
0
x = 25.4 mm
A x(p)
p/MPa f ee
X
X
e
X
k k
[eqn(6.7)]+ [ref.14]
100.0 0.27819 0.29074 0.92405 0.9251g
80.0 0.36673 0.37687 0.93572 0.93638
60.0 0.46479 0.47251 0.9485g 0.94897
40.0 0.57536 0.58063 0.9632 3 0.96334
20.0 0.70316 0.70593 0.98022 0.9800g
10.0 ~ 0.77588 0.77736 0.9897,,o 0.9896 0
30.0 0.63684 0.64087 0.9714 0 0.9713 ?
50.0 0.51878 0.52528 0.9556 g 0.9559 o
70.0 0.41394 0.42287 0.9419 ? 0.94248
+Coefficients for equation (6.7) were as follows:
A 1 = -7.9709q x 10 3 A n = 32.209. x 10 6 2 6
„ -9Ag = -87.799g x 10 C = 1.00011
with = 0.13510 in
a
The values of A^, A<^ , were derived from equation (6.5)
with x in inches (as above). For this equation A q = 0.85361 5 -
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1.00
Figure 6.7 Comparison of the measured compression ratios k  for 
-------  acetonitrile at 298.2 K with literature data.
this work
O decompression
• compression
0.98
0-97
0-96
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from ref.14 -------
\
\
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\
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regard to making some further improvements in the design 
of the present apparatus.
1. The piezometer. With the piezometer sealed and 
containing a sample of liquid, the reproducibility of the 
bellows displacement with pressure is significantly less 
than that expected from the stability of the detector.
This behaviour appears to be due to a radial flexing of 
the bellows with small changes in pressure and which are 
not transmitted reproducibly as a longitudinal movement.
In addition, the present large capacity of the upper part 
of the cell results in a very large bellows travel for 
compressible liquids, so that the detector range will be 
exceeded in high-pressure measurements. It is suggested, 
therefore, that the upper volume of the piezometer be made 
adjustable (as in the case of the high-pressure diaphragm 
cells) in order to remain within the limits of the detector 
range. Also, that for reproducibility, the bellows be 
reduced to a single section to ensure good longitudinal 
travel with minimum radial flexing.
2. The core probe. The original probe was constructed 
from fibreglass rod to avoid the use of any electrical 
conductor within the vicinity of the core. Subsequent 
work indicates that this is not an important consideration 
providing the core support is made from non-magnetic 
material. Since the long-term effect of high-pressure on 
the epoxy resin in the fibreglass rod is uncertain, it 
would seem better to ultimately replace the core support 
with a brass (or other non-magnetic metal) rod.
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3. The enclosure vessel. At 250 MPa the lower section of 
the enclosure vessel is approaching the elastic limit of 
its material (316 stainless steel). Although the behaviour 
of the vessel has been shown to be elastic up to this 
pressure, for development of the apparatus to higher 
pressures it will be necessary to replace the lower section 
with a unit turned from titanium 550 (see section 2.3) or 
some other non-magnetic high-tensile strength alloy.
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Appendix 1 . Summary of Equations used in Conjunction 
with the High-pressure Diaphragm Cell.
Both the notation and the numbering of equations given below 
correspond to that used in Chapter Two.
(i) Cell equations:
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(D) ( 3)  tv 'p _(C'T )p
ci - < V P
3« V p  + < V p >
(2.8a)
( 3) P
A
l
1 + 1 Ci (lV p
_ ( ) p
(2.8b)
(ii) Relationships for cell volumes:
H
li v TT
IIcx,
'w' kVB + (fc  -  1 ) ( 7 t  + 7 d ) ( 2 . 1 0 )
< FD > p  = f d
‘Optimum value of 7T is determined prior to a diffusion 
experiment. For close matching of the top and bottom 
compartments under experimental conditions, a volume- 
adjustment ring is chosen for the top compartment such 
that, ideally:
kVB + (k - 1) 7d 
2 - k
(2.12)
(see section 2.4).
(iii) Relationships for compartment concentrations
(C°)p l-1 + 27t ](CT )p + [
2( V p  + 7I
]< V p (2.13)
(cT)p ' _ Tk (2.14)
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2IW b - + 7P)2 (CT>P
27D7ßk - d-J:)2(FT + Fd)2
(2.23a)
for (1 > k >
(yD + V
) ; i . e . M.
o r :
27BC’b ■ C(2 - 2fe)7T + O  - 2fc) V (C'T)p 
2k(7ß + 7t + 7d ) - 27t - 7d (2.23b)
for (0 < k 4 (7„ + 7„) ); i -B - M 3 > 0
where Cm and C are the measured concentrations obtained i .b
at the end of the experiment.
(iv) Mass flows on release of pressure: t
Ct A7d  + (ffB - V  <2 W )  + AlD> 2 (FD + A7d ) (2.18)
(1 - Zc)7.
[(1 - k)CT + (1 + k)Cß ]
c t a ft1 +
(CB - CT ) (27DA7T1 - A7T1) 
2 (7d + A7d ) (2.19)
(l-k)7T
2 kV, [(l-k)(7n,+27D )CT + (2k7n-(l-k)7T )Cn ]T 7 B
M 3 = cTA7T2 = LLLjr^ v T - vD lcT ( 2 . 21 )
The equations given in parts (ii) and (iii) are sufficient 
to solve the cell equations of part (i). The bulk flow 
expressions have only been included here for completeness.
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Appendix 2 . Summary of Diaphragm Cell Parameters
(i) Cell volumes: 
Cell A:
Cell B:
7m = 15.1 U 3cmT 7 q
fb = 15.102
ocm
q
Ft = 15.459 ucm q
fb = 15.33q
«Jcm
(with volume-adjustment ring #565) 
(with volume-adjustment ring #640) 
t
cm.
(ii) Sinter volumes and calibrated A/l values:
Sinter 1 : 7ß = 0.174 cm3; A/l = 2.16g
Sinter 2: 7^ = 0.434 cm3 ; A/l = 0.949^ cm.
Sinter 3: 7^ = 0.243 cm3 ; A/l = 1.372 cm.
t A/l values taken from table 4.1.
( iii) Volume-ad just men t ring dimensions and volumes:
2.8q cm
d
i 1
1
l1
d '
\ d2l
Ring# l / cm d/ cm 7/cm3
640 1.57,-5 1.92g 4.597
597 1.516 1.928 4.42
565 1.435 1.918 4.145
526 1.336 1.89? 3.778
468 i.lSg 1 -900 3.363
420 1.06? 1.908 3.049
380 0.965 1 .90g 2.758
300 °.759 1.900 2.153
250 0.635 1.900 1.800
200 0.511 1 '9°5 1.455
150 0.38x 1 '9°5 1.086
71 0.1S0 1 ' ®°8 0.515
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Appendix 3. The NMR Diffusion Equation
In section 3.3 the equation for the attenuation of the 
transverse magnetization in a 90°, t , 180° pulse experiment 
was given as:
Mx (2t ) = MA(0)exp[(-2T/T2 ) + ]. (3.23)
This expression is the most usual form of the NMR 
diffusion equation and is, therefore, convenient for discussion 
purposes; but it is not an exact representation of experiments 
in which the rf pulses do not follow the conventional 
90° - 180° sequence. A more general equation for the tranverse 
magnetization is available due to Muller and Bloom,* which can 
be written as:
Mx(2t ) = Mx(0) sin(01)sin2(82/2)exp[(-2T/r2) + ]
(A3.1)
where.0^  and 02 represent the angles of rotation for the 
magnetization vector arising from each pulse. Here the 
contribution of both pulses is shown explicitly and it can be 
seen that the diffusion term remains independent of either 
rotation.
Consequently, in measuring diffusion coefficients with 
the NMR technique, the results will remain unaffected by the 
angles of rotation obtained from the pulses, and the 
experiment may be carried out with 0^  and 02 set at other 
than 90° and 180°. Nevertheless, in such cases, the 
amplitude of the echo signal will be attenuated by the factor 
sin(el)sin2(02/2).
The most rigorous derivation of the diffusion equation, 
however, remains that of Gerritsma. His expression for the 
transverse magnetization also contains the terms defining
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Appendix 3 (cont.)
the signal shape and, for a cylindrical sample of length l
tand diameter d, may be written in the form:
/± (t) = Mx (0)sin( 01 )sinz( 02/2)
sin{£y gxK t  - 2t ) } 
- 2t )
+ g2z) - 2t )> 
iY(?y + g\) d(t - 2x)
2 i
exp{(-t/T2) + (- ^ ( y ^  + gy + gz) t3)}* (A3.2)
Here again the dependence of the signal on 0^ and 02 is shown, 
but, more importantly, the orientation of the gradient is also 
considered. In equations (3.23) and (A3.1) the gradient g is 
implicitly assumed to be along the main field axis. In 
Gerritsma's equation the contributions due to each component 
of g are included, both in the expression for the decay of 
the signal and in the echo shape. His equation shows clearly 
that as long as the applied gradient is in the y-z plane, 
the term for D is independent of the orientation of g. This 
last result is particularly useful with the present 
apparatus since it avoids the necessity of aligning the 
quadrupole coil during experiments. In practice though, 
these modifications to the diffusion equation do not 
introduce any significant limitations in the experimental 
technique and, therefore, equation (3.23) can still be used
^The orientation of the axes is the same as that used in 
Chapter Three: z is the axis of the main static field while 
x is the direction of the rf field (and also the major axis 
of the cylindrical sample).
Appendix 3 (cont.)
as a useful representation of the signal behaviour during 
diffusion measurements.
1. B. Muller and M. Bloom, Canad. J. Physics, 38, (1960), 
1318.
2. C.J. Gerritsma, PhD Thesis, University of Amsterdam, 
Netherlands, (1966); personal communication by
Dr K.R. Harris.
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Appendix 4. Pressure and Temperature Distortion Tests
for the High-Pressure NMR Gradient Coil.
During the course of the self-diffusion experiments 
carried out with the NMR system, the high-pressure gradient 
coil assembly was re-tested for any temperature or pressure 
dependence of the gradient arising due to distortion of 
the coil former. The procedure for the distortion tests 
has already been outlined briefly in section 4.3 and is 
based on observing the shape of the spin-echo as a function 
of temperature and pressure while a constant voltage is 
applied to the coil. The echo shape can be monitored by 
measuring the distance (along the time-base) between various 
fixed points on the signal, such as the maxima and minima 
shown in figure A4.1. To measure the time intervals 
(a-a '} b-b ', o-a\ eta.) the detected signal was stored in 
a Nicolet (Madison, USA) 1074 signal averager. Following an 
initial trigger pulse, the signal averager samples the input 
signal at regular time intervals, converts the measured 
voltage to digital form and holds the values sequentially in 
its memory. With a periodic signal this procedure may be 
repeated a number of times into the same area of memory, in 
order to 'build-up' a weak signal, or average out random 
noise fluctuations.
For the purposes of this work the received signal was 
taken from the detector/amplifier of the Minispec P20, 
suitably attenuated, and input directly to the Nicolet 
instrument. The trigger pulse for the signal averager was 
derived from the logic switch which controls the timing of
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the second rf pulse (designated RF2 in the figure) and the 
spin-echo signal was averaged over a number of complete 
pulse sequences. The memory addresses of the maxima and 
minima were then obtained by inspection of the stored signal. 
Since successive memory locations are a fixed time apart - 
normally termed the ’dwell time' - the storage addresses of 
the corresponding parts of the echo may be used to calculate 
the time intervals: a-a ', b-b ', c-c1, etc.
The high-pressure gradient coil was tested in this way 
at three temperatures and at a number of pressures up to 
220 MPa using deuteromethanol as the sample. Several 
different gradients were applied at each temperature and 
pressure and some representative results are given in 
table A4.1. Unfortunately, the minimum dwell time for the 
Nicolet signal averager was only 11 ys, which prevented good 
resolution of the signal at the higher gradients. The 
maximum gradient which could be applied to the sample was 
limited, therefore, to 50 mT m ^. Another difficulty in 
measuring the echo shape was the rather broad maxima and 
minima observed at low gradients (g ^ 5  mT m- )^. 
Consequently, the overall uncertainty in the time intervals 
for the signal width were of the order of ±3 - ±5 memory 
locations (±33 ys - ±55 ys), which is typical of the scatter 
in table A4.1. The tabulated echo widths also show the 
effect of the residual field inhomogeneity (g in equation 
equation 3.25). At low gradients the corresponding echo 
widths a-a r, b-b’, etc. for the ’forward’ and 'reverse' 
gradient measurements (see section 3.5) are quite different,
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A p p en d ix  4 ( c o n t . )
T = 14 ms
Figure A4-1 Maxima & minima of the spin-echo used for the signal 
width measurements given in table A4.1.
T a b le  A4 . 1 S i g n a l  w i d t h s  o b t a i n e d  f o r  v a r i o u s  a p p l i e d  
g r a d i e n t s  a s  a f u n c t i o n  o f  t e m p e r a t u r e  and pressure.
fo rw a rd  g r a d i e n t r e v e r s e  g r a d i e n t
27 K p /  MPa a - a  ' b - b  ' o - o  ' d - d  ' 8 —e ’ f - r
USus
9 = 5
us
mT ra *
us us us
2 3 3 .2 9 3883 5049 7018 7964 _ _
80 3883 5060 6853 - - -
223 3861 4994 6941 8129 9988 11792
2 7 3 .2 80 3894 4939 6853 7953 - -
3 13 .2 0 .1 3883 5049 6908 - - -
80 3861 5005 - - - -
216 3905 4961 6952 - - -
g = 3; mT m~ 1
2 3 3 .2 9 539 715 924 1133 1364 1573
80 539 693 946 1104 1364 1573
223 561 704 990 1177 1375 1562
2 7 3 .2 80 539 704 946 1144 1397 1562
313 .2 0 .1 - - - - - -
80 561 704 935 1133 1375 1606
216 539 704 946 1144 1364 1551
g = 5( mT m 1
2 3 3 .2 9 352 451 616 748 880 1012
80 341 451 605 715 891 -
223 341 451 627 726 891 1012
2 7 3 .2 80 352 462 605 726 902 1023
3 13 .2 0 .1 363 451 616 - - -
80 363 462 605 737 880 979
216 363 462 616 726 880 990
a - a  ' b - b  ' o - o  ' d - d • e - e  ' £ z £ lusus
g  = -
us
5 mT m
us
-1
US us
2992 3905 5324 6193 7480 8316
3003 3916 5346 6204 7293 8272
2981 3927 5379 6215 7425 8349
3003 3949 5346 6116 - -
3014 3927 5412 - - -
2981 3894 5170 - - -
3025 3949 5379 - - -
g  ■ - 33 mT -1m
517 660 924 1067 1353 1518
517 671 913 1089 1331 1540
517 682 913 1089 1320 1496
517 671 924 1100 1353 1529
539 682 924 1100 1342 1529
517 693 913 1078 1320 1529
g  ■ - 50 mT -1m
363 440 605 704 869 1001
341 440 •594 715 858 1001
319 451 605 715 869 1012
341 451 605 737 913 1001
363 440 583 - - -
341 451 605 704 880 1001
341 451 605 715 869 990
Appendix 4 (cont.)
while at the higher gradients the effect of g^ all but 
disappears. However, inspection of the table shows that, 
within the measurable accuracy, there is no temperature 
or pressure dependence of the field gradient from the coil.
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Appendix 5 . Densities of Liquid Methanol and Acetonitrile
at Atmospheric Pressure
METHANOL c h 3o h
27 K p/g cm 3 ref. T / K / "3p/g cm ref.
273.15 0.81000 la 298.15 0.78657 la
283.15 0.80080 298.15 0.78658 t t
293.15 0.79150 298.15 0.78660 t T
273.15 0.81009 298.15 0.78664 M
298.15 0.78662 298.15 0.78668 M
318.15 0.76761 298.15 0.78670 t t
273.15 0.80998 298.15 0.78675 11
278.15 0.80535 288.15 0.79609 lb
298.15 0.78654 291.15 0.79320 11
303.15 0.78181 293.15 0.79130 11
273.15 0.81005 293.15 0.79141 11
288.15 0.79609 293.15 0.79160 t t
303.15 0.78208 298.15 0.78653 11
298.15 0.78660 273.15 0.80999 2
303.15 0.78190 283.15 0.80069 11
313.15 0.77250 288.15 0.79601 11
323.15 0.76280 293.15 0.79134 11
288.15 0.79600 303.15 0.78184 11
288.15 0.79602 263.15 0.81988 11
288.15 0.79602 243.15 0.83895 t t
293.15 0.79130 223.15 0.85777 11
293.15 0.79140 203.15 0.87714 11
293.15 0.79150 183.15 0.89785 11
298.15 0.78653 313.15 0.77232
298.15 0.78654 323.15 0.76270 t t
298.15 0.78655 333.15 0.75300 t t
298.15 0.78655
The above data are fitted in the range (183 K < T 4 333 K) 
by the equation:
p/g cm“3 = 1.07223 - 9.67831 x 10"4 (T/K) + 3.2434? x 10-8 ( T / K)2
The maximum deviation from the data is less than 0.05%
_ 3(±0.0003 g cm ) and is considered to be mainly experimental 
scatter. Deviation is greatest near 333 K.
Appendix 5 (cpnt.)
ACETONITRILE c h 3c n
T/K / "3 p/g cm ref. T/K p/g cm-3 ref .
228.15 0.85124 la 273.15 0.80345 la
235.95 0.84288 I T 288.15 0.78746 r t
237.85 0.84074 1 1 303.15 0.77148 ! T
242.55 0.83592 t  r 273.15 0.80345 T T
250.20 0.82774 T T 273.15 0.80360 t T
260.05 0.81724 T t 273.15 0.80377 T T
266.95 0.81013 T T 288.15 0.78743 T T
273.15 0.80350 f t 303.15 0.77125 T T
291.35 0.78417 t T 293.15 0.78220 ! T
273.15 0.80340 u 293.15 0.78230 T ?
286.55 0.78930 T t 298.15 0.77656 lb
296.55 0.77840 U 273.15 0.80320 2
273.15 0.80345 T T 298.15 0.77683 t T
288.15 0.78746 T T 323.15 0.74975 T ?
303.15 0.77141 n 338.15 0.73269 3
The above data are 
by the equation:
fitted in the range (228 K < T 4 338 K)
p/g cm 3 = 1.07382 - 9.12501 x 10 4 (T/K) - 2.8185g x 10 7 {T/K)
_ 3The maximum deviation from the data is 0.05% (±0.0003 g cm )
and is considered to be mainly experimental scatter. 
Deviation is greatest above 303 K.
la. Timmermans J., Physico-Chemical Constants of Pure Organic
Compounds , Vol.I (1950), Elsevier.
lb. ibid. Vol.II (1965), Elsevier.
2. International Critical Tables , Vol.Ill (1928).
3. Walden P., Birr E., Z.Physik. C h e m 144A (1929), 269.
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Appendix 6. Tabulations of Data used in the
High-Pressure Diaphragm Cell Experiments.
The following tables are computer-summaries of 
experimental data, obtained during the course of this 
work, from experiments involving the high-pressure 
diaphragm cells. Since the accuracy of the pressure cell 
results will depend upon a number of factors inherent in 
the data - in particular the reliability of the liquid 
compressibilities used in the calculations - values for 
all the important experimental parameters have been 
included in the tables. The accuracy of the reported 
diffusion coefficients may, therefore, be verified or 
improved at a later date, by recalculating the results 
with more reliable compressibility data than are currently 
available. For the sinter calibrations summarized in the 
first table, benzene was employed as the calibrating 
liquid. The standard values for the diffusion coefficient 
D(T, p) of benzene were taken to be (see table 4.2):
£>(298.2 K, 0.1Q MPa) = 2.20y x 10~9 m2 s"1,
£>(313.2 K, 0.1Q MPa) = 2.801 x lO-9 m2 s“1.
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Legend
C/S
Vt
ct
t
T
P
P
A/l
D
Diff.
Cell/Sinter combination used for the experiment; 
designation is the same as that given in Appendix 2. 
Volume of top compartment during the experiment 
(the volume-adjustment ring number is not 
specified in the tables).
Total number of counts obtained from the top 
compartment sample, averaged between the two 
photomultiplier counters.
As above for the bottom compartment sample.
Length of experiment expressed in hours; part-hours 
are given as a decimal fraction.
Average temperature for the experiment.
Final pressure of experiment.
Liquid density at atmospheric pressure and at 
temperature T.
p/(p) where (p)^ is the liquid density at the 
experimental pressure.
Calibration experiments only; the average 
calibration constant obtained from the two 
photomultiplier counting systems.
Diffusion measurements only; the average diffusion 
coefficient obtained from the two photomultiplier 
counting systems.
The uncertainty between the two counting systems, 
expressed as a percentage of D .
R
E
SS
U
R
E
 
C
E
L
L
: 
S
in
te
r
 
C
a
lb
n
s.
 
19
76
 
->
 
19
79
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